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Preface 


_ All human activity may be resolved into two categories : we can sense and 
think, and we can change the position of matter. Everything else follows as 
the consequence of the working’ of inexorable laws—the so-called Laws of 
Nature. : 

Thought, deliberation, and judgment precede our conscious activities which 
set natural laws into operation; and if we would unerringly have a certain 
resultant, we must understand and foresee every relevant consequence of our 
shifting about of material things. We must, therefore, know material things 
and the natural laws which govern them. 

But mere scattered, jumbled, and disorganized knowledge cannot well aid 
deliberation and judgment. We need Science, which, as Herbert Spencer has 
said, is classified knowledge. 

Besides its usefulness, there is a nobility in the classified knowledge we call 
Science. In the Bible (Proverbs 25, 2) it is stated: 

“It is the glory of God to conceal a thing: but the honor of kings is to 
search out a matter.” 

And Virgil (Georgicon II, 490) says: 

“Felix qui potuit rerum cognoscere causas.” 

The degree of civilization of a people is commensurate with the extent to 
which they accumulate, correlate, and utilize knowledge. 

Nature, as an ancient Chinese saying beautifully puts it, is an inexhaustible 
treasure-house. Year after year the fields and forests, the mines and the 
seas, give us their lavish yield. But the scientific investigator not only con- 
tinues to work old territory, but also opens up, from time to time, new and 
unsuspected areas, such as X-rays, wireless waves, radio-activity, relativity, 
and sub-atomic phenomena. ‘ 

Just as we have had surprising developments in the fields of neglected 
vibrations and neglected corpuscles, so too the field of neglected dimensions, 
as Wolfgang Ostwald once termed the zone of colloidal dispersion, has yielded 
and continues to yield knowledge, which besides being important in itself, 
enables us the better to appraise, classify, and utilize much of our older 
information. 

The modern tendency towards specialization has its advantages and its 
dangers. Naturally, intensive study in one field, or even in a restricted portion 
of a field, enables the investigator to develop new facts and relations which 
could not ordinarily be seen with jess sustained effort. But unless he has 
been able to keep en liaison with other branches of science, the investigator 
will not be able to appreciate the full significance of his findings. Thus cytolo- 
gists,. intent upon morphology, often fail to see the underlying physico- 
chemical principles which seem to be involved in cell division, for example. 

In large research organizations, this deficiency in breadth of view is met 
by assembling specialists, who attack common problems in collaboration. Our 
hospitals, medical research laboratories, and even our technological research 
laboratories, tend to become groups of specialists. However, even these 
organizations must have heads who are not administrators merely, but leaders 
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and directors capable of understanding and advising with their colleagues. 
And the demand for the general practitioner or family physician can never 
be met by medical specialists alone. 

Common results of lop-sided training are narrowness, smug self-satisfac- 
tion, and a lack of that humility which should keep our minds ever receptive 
to new ideas and new points of view. Mentally, we should grow expansively, 
like the chambered nautilus. We should approach the study of natural phe- 
nomena with a realization that they generally involve the simultaneous action 
of a number of natural laws, one or more of which may become dominant as 
conditions vary, thus leading to a deceptive appearance of simplicity. Jt is 
we who are simple, not Nature. 


This book had its inception in the fall of 1922, when’ Mr. Francis M. 
Turner, Jr., Technical Editor of the Chemical Catalog Co., asked me to pre- 
pare a comprehensive book on colloid chemistry. Realizing that it would not 
be possible to prepare a satisfactory book single-handed, I suggested making 
the book an international one, and set out to obtain the cooperation of com- 
petent men in all countries. The response to this effort showed clearly the 
international brotherhood of science, for over 175 papers were promised by 
contributors from all over the world; and although death and unforeseen 
circumstances made impossible the delivery of some of the papers, the major 
portion has already been received. 

The fact that contributions have been received from representatives of 
so many races, nations, and nationalities, indicates the unifying effect of 
Science, which combines men of the most diverse characteristics in a common 
effort to seek out the truth and to serve mankind. 

As the papers began to come in, it became evident that the book would 
divide itself naturally into three parts: I, Theory and Method; II, Biology 
and Medicine; IIl, Technology. Consequently effort was concentrated on 
securing all papers belonging to Volume I, and getting them ready for pub- 
lication. Volume I, presented now, contains practically all the papers origi- 
nally promised, and quite a few others besides. The subsequent volumes will 
appear as rapidly as possible after the papers for them have been received. 

Not only has no effort been made to select contributors whose ideas and 
opinions agree on all points, but on the contrary, the proponents and ex- 
ponents of diverse and even conflicting views, have been asked to state their 
ideas freely and without reserve. In many cases the Editor does not agree 
with the views expressed, and may take occasion, in foot-notes or in inde- 
pendent paragraphs, to indicate his own or other dissenting opinions. On 
the evidence and arguments thus presented on many moot questions, the reader 
will exercise his own judgment. 

Although this method of presenting diverse views will be less satisfying to 

an the dogmatic statements so often found in texts unaccompanied 
a suggestion that there are conflicting views and evidence, it will 
nearer the truth and tend toward a further extension of our knowl- 
edge. ior several generations Prout’s hypothesis as to the fundamental 
nature of the hydrogen atom, was held up as a typical example of a theory 
disproved by careful research, though recent work has shown it to be basically 
sound. E 

Fortunately most chemists and physicists possess flexibility of mind, so 
that hardly even in localized spots in these sciences do we see in operation the 
principle that where growth ceases, decay begins. 
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Throughout the books, due acknowledgment and credit will be given those 
who have contributed papers or translated them. Besides these, many other 
friends have aided with advice, reprints, proof-reading, and the like. Each 
contributor has read proof of his own paper, so that the book is fairly well 
up to date. The spirit actuating the contributors; translators and other helpers 
is evidenced by the fact that not one of them has been promised any definite 
pecuniary recompense, and that many have requested that any honorarium 
which might be apportioned to them, be distributed among others. 

As far as possible, the contributions are arranged into more or less 
coherent groups, so that while each paper is an entity in itself, their inter- 
relations lead us over practically the entire field. There is naturally some 
overlapping, but, this has been met by condensation rather than by elimina- 
tion. It is often stimulating to hear similar and even identical ideas differ- 
ently supported and expressed. 

While the Editor will, so far as his knowledge goes, see that justice is 
done, no attempt will be made here to pass upon disputed questions of priority, 
should these arise. On the other hand, the Editor will welcome corrections 
or suggestions, which might be of value for use in the subsequent volumes or 
editions. 

JEROME ALEXANDER. 
May Ist 1926 
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The Sub-Microscopic Structure of Matter 


By JEROME ALEXANDER, M.Sc., 
Consulting Chemist and Chemical Engineer, New York City 


_ Philosophy teaches us that we can never expect to form even a mental 
picture of the ultimate material unit, or of the universe, since both are in- 
definite. The smallest particle we can imagine must be conceived of as having 
a front and back, right and left, top and bottom, that is, as being divisible; 
and imagination cannot carry us so far that we cannot still conceive of a 
something beyond.* But here, even within the range of our limited senses, 
reinforced, extended and refined by instruments, we find ever-enlarging worlds 
of wonder. 


Protons AND ELECTRONS 


The smallest material units whose existence as separate entities has thus 
far been experimentally demonstrated, are protons,t the individual particles 
of positive electricity, which, when combined with electrons, or individual 
particles of negative electricity, make the various complexes we know as 
chemical elements. Though too small to be seen, Millikan measured the 
electron by catching it on ultramicroscopically visible oil or mercury droplets. 
Its charge is 4.774 < 107° electrostatic units, a figure which may best be 
comprehended by Millikan’s statement that the number of electrons passing in 
a single second through an ordinary incandescent bulb is so great, that it would 
take 214 million people, counting continuously day and night at the rate of 
two a second, about 20,000 years to complete the task. Present evidence indi- 
cates that the proton or positive electron is smaller than the electron, but much 


greater in mass. 
ATOMS 


A further idea of the minuteness of the electron is given by Rutherford’s 
and Bohr’s comparison of chemical atoms to miniature solar systems, wherein 
the central “suns” or nuclei (complexes of electrons and protons with a net 
positive charge) are surrounded by planetary electrons whose relative remote- 
ness from the nuclei is so great in proportion to their diameters, as to justify 
this comparison. 

It is especially interesting to note that the chemical behavior of an atom 
is dependent upon its exterior layer or ring of electrons, the nature of which 
is, in turn, determined by the net positive charge of the nucleus, wherein is 
concentrated almost the entire mass of the atom.{ Since in many cases, 


i ‘Fi inci fz i f both Science and of 
* As Herbert Spencer expresses it (“First Principles”), the ultimates o 
Religion are dathin table: Chapter IV deals with the Relativity of All Knowledge, so that Spencer was, 
so to say, a philosophical precursor of A. Einstein. 4 a - 
+ Millikan prefers to call these positive electrons (‘‘The Electron’’). ; 
{If an atomic nucleus loses a constituent electron or proton, its net charge and chemically 
characteristic electron rings change, and it becomes another element. This transmutation has been 


effected experimentally by Rutherford. 
II 


12 COLLOID CHEMISTRY 


nuclei having different structures may, nevertheless, have the same net positive 
charge, we are confronted by the surprising fact that the atoms of elements 
are not necessarily all alike. Indeed the work of Aston, Rutherford, Harkins 
and others has demonstrated, e.g., that there are two kinds or isotopes of 
lithium (atomic weights 6 and 7), two isotopes of chlorine (atomic weights 
35 and 37, the usual mixture averaging 35.5), and six isotopes of mercury. 

Atoms, then, are highly. complex units, and in the present state of our 
knowledge may be classed as complexities of the first order. 


MOLECULES 


The combination of atoms to form molecules is the especial field of the 
chemist. The number of compounds is enormous and ever increasing. Being 
composed of atoms, molecules are obviously larger and more complex than 
their component atoms. They may therefore be termed complexities of the 
second order. 

The X-ray spectrometer of Bragg reveals the fact that in crystals of 
sodium chloride, for instance, the atoms of sodium and of chlorine are regu- 
larly arranged in the space lattice so that each atom of sodium (on the 
interior) is surrounded by six atoms of chlorine, each 5.56 A. U.* from 
it. This means that the chlorine atoms are similarly situated, and gives, in 
cases like this, some color to the view of I. Langmuir that a crystal is in 
effect one large molecule. It is quite evident that in dealing with masses of 
matter, the formule of the chemist represent rather hypothetical units, which 
often enjoy only a momentary separate existence, and in some cases not even 
that. 


MoLecuLAR GROUPS 


The position of surface atoms, molecules or molecular groups is anomalous 
owing to their contact with a phase of different chemical composition; and 
the smaller the masses, the more marked do the effects of this anomaly 
become. Furthermore, the formation of perfect crystals, though generally 
a possibility, is often inhibited. The residual attractive forces (residual 
valences or free fields of force) frequently express themselves by forming 
relatively small molecular groups, whose size and duration of life are the 
result of a lag in kinetic equilibrium depending on temperature, pressure, the 
presence of nuclei, of impurities, etc. Associated liquids are well known, 
ordinary water being mainly dihydrol (H,O)., with some trihydrol (H.O)3.+ 

In some cases the molecular union becomes irreversible under -ordinary 
conditions, and we have polymerization, with the formation of new and larger 
molecules, which in their turn may undergo aggregation. The formation of 
solids from liquids may in general be considered ‘as an aggregation of mole- 
cules, tending toward the formation of very regularly oriented groups, but 
not always reaching the objective. Interference due to great increase in 
viscosity following sudden chilling, or to the presence of slow-moving groups 
of large surface which adsorb or are adsorbed, may cause the solid to have 
a more or less finely integrated structure. 

Molecular groups may be considered as complexities of the third order. 


. b) 1 1 
" a pk she — oe ee 
1 A. U. (Angstrom Unit) =a 10,000,000 ee 


¢~ See paper by W. E. IF. Turner, this volume. 
¢ Protection; or where the groups consist of the same substance, auto-protection, leading to iso- 
colloidism. See paper on Protection by J. Alexander, this volume. 
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PRIMARY AND SECONDARY COLLOIDAL PARTICLES 


The physical size of molecular groups must depend upon the kind and 
number of their component molecules. Some molecules are themselves 50 
large that they approach or enter the limits of ultramicroscopic visibility— 
thus the molecule of soluble starch is supposed to be about 5 ut in diameter. 
G, A. Hulett has shown that the tendency is for the larger particles to grow 
at the expense of smaller ones; but on the other hand T. W. Richards* has 
pointed out the enormously greater speed of the incipient stages of crystalliza- 
tion, which over a certain period makes for the separate existence of discrete 
groups. There is much reliable evidence for believing that a globulitic (G; 
Quincke, O. Lehmann) or a colloidal (P. P. von Weimarn, J. Alexander ) 
stage is a precursor of crystallization, and that these preliminary molecular 
groups often remain together without fusing into larger units; just like the 
droplets of an oil emulsion, where coalescence may later occur when the films 
about the droplets give way.* Zsigmondy terms such primary colloidal 
particles “protones.” 

Primary colloidal particles of this nature are complexities of the fourth 
order. ‘Their internal structure, which permits of the adsorption of other 
substances, ions, etc., is of such dimensions that it has become a factor to 
be reckoned with; for they may swell or shrink. As T. W. Richards has 
shown, even atoms themselves must be regarded as compressible. 

In some cases these primary colloidal particles may form groups in which 
they still maintain their individual identity (W. Mecklenburg; R. Zsigmondy 
term them “‘polyones’”), although they are bound together by forces of di- 
minished potency. Secondary colloidal particles of this character are com- 
plexities of the fifth order. They may, by not too drastic treatment, be 
broken up into their constituent primary groups, and be later regenerated. 
Their swelling is a more complicated process than that of primary colloidal 
particles, for their interspaces are larger and interfacial forces less powerful. 
The swelling of the primary colloidal particles themselves, as well as their 
separation, may also be a factor in the swelling of secondary colloidal particles. 
Gelatin * evinces a duplex structure of this character; its aggregation processes 
are largely reversible if its solutions are not heated too high or too long. 


MrcroscoPIcALLY RESOLVABLE PARTICLES 


All the material units we have thus far considered are below the limit of 
microscopic resolvability; for since they are smaller than a wave length of 
light, we cannot see various points of their perimeter. But they may be made 
individually visible against a dark background (ultramicroscope), providing 
they reflect or diffract sufficient light and do not move too fast. In like 
manner the most powerful .telescope is unable to resolve even the nearest 
star; but a good field glass will resolve the planet Venus, and the sun and 
the moon are resolved by the unaided eye. 

In cases where microscopically visible particles result from the union of 
secondary colloidal particles, they are complexities of the sixth order. 


Macroscopic PARTICLES 


From what has been stated above it is obvious that in some cases ordinary 
macroscopic particles, visible to the naked eye, may be complexities of the 
seventh order. 


* Droplets of fat, 
Ultramicrons of sulphur form g 


floating on clear soup, exhibit this phenomenon; also fat in a cream layer, 
lobulites, this formation being evidently due to surface forces, 
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16 COLEOID) CHEMISTRY 


In order to give a bird’s-eye view of these units and their relationship to 
each other and to some other physical constants, the subjoined table has been 
prepared. 


DIVERSITY OF STRUCTURE IN Macroscopic PARTICLES 


It is not necessary that each of the foregoing steps, from protons and 
electrons to microscopic particles, exist in a distinguishable form in every 
particle of any substance visible to the naked eye.. In the case of perfect 
crystals, of simple substances at any rate, there seems to be no easy way 
to distinguish between molecule and crystal. But even perfect crystals on 
careful ultramicroscopic examination, often show adhering colloidal groups, 
vestiges of the mechanism by which they were produced. 

This at once suggests the idea that in a visible particle, all the constitu- 
ent sub-groups need not necessarily be of the same order of size. The 
crystallites of the petrologist, found in pitchstone, obsidian, and other rapidly 
cooled volcanic rocks, are forms intermediate between colloidal aggregates and 
true crystals, and Quincke, H. J. P. Vogelsang and many others believe that 
a globulitic stage precedes visible crystal formation—the qualifying word 
visible is used because P. Scherrer found that even amicroscopic colloidal gold 
particles are crystalline, while in colloidal silicic acid and stannic acid random 
or haphazard groups are also present. 

On preparing ultramicroscopic fields of slides prepared by dissolving sul- 
phur in carbon disulphide, adding a little Canada balsam as a crystal inhibitor 
or protector, and rubbing out a thin film of the solution so that the solvent 
quickly evaporated. In the dried film the following structures could readily 
be identified: — 


Numerous ultramicrons in random arrangement. 

Globulites, some with, others without apparent crystalline character. 
Margerites (from Gr. wagyagitys, a pearl), globulites arranged in bead- 
like strings. 

Globospherites, globulites arranged in clusters. 

Definite crystals, which were in every instance surrounded by a vacant 
space cleared of its ultramicrons by the giant ogre-like crystal which 
had absorbed them. Many crystals had ultramicrons or globulites 
adhering to their surfaces as if these had been drawn there by surface 
forces and had either been unable to fit into the crystal space lattice, 
or had been prevented from doing so because of sudden chilling, evapo- 
ration of the solvent, or interference of the protector. 


Ee ae tae 


This experiment was devised by Sir J. S. Flett, who, however, did not 
examine the results ultramicroscopically. 


Tue IMPORTANCE OF THE Microscopic AND ULTRAMICROSCOPIC STRUCTURE 
oF MATTER 


Without gainsaying its importance, ultimate chemical analysis is not an 
end, but is simply one essential and important step toward understanding the 
behavior of matter. Without interpretation or further information how in- 
sufficient does the average “chemical analysis” seem to the average “practical 

eSeemghive Colloidal State in Metals and Alloys,” by J. Alexander; Colloid Symposium Mono- 
graph, University of Wisconsin, 1928. The phenomena are quite similar to the phenomena exhibited 


in the illustrations in Chapter 22 by Howard T. Barnes, and Chapter 52 by Herbert W. Endres in 
this book. 
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man’’? Our experience with isomerism in its different forms (metamerism, 
polymerism, tautomerism) has taught us that even from a purely chemical 
standpoint the knowledge of definite proportions of elements in a compound 
may often leave much more to be said. The work of Pasteur, LeBel, van’t 
Hoff, and E. Fischer drove home the existence and the significance of stereo- 
isomerism, the distribution of atoms in space; and the study of reversible 
reactions (including reversible allotropism), hysteresis (including syneresis), 
and the behavior of colloidal substances, has given us evidence of the im- 
portance of that other-concomitant of space—namely time. Many experi- 
ments fail because the supposed end-point is read too soon. Roberts-Austen 
laid sheets of lead and gold together, and found at the end of five years that 
they had sensibly diffused into each other. Colloids are essentially substances 
in a labile or metastable state, and the general tendency is for their inter- 
rupted aggregation processes to establish themselves, if given opportunity and 
sufficient time. Thomas Graham was right when he said that colloids possess 
Energia. 

Many of the ordinary working properties and engineering qualities of 
matter depend upon its finer structure rather than upon its ultimate chemical 
analysis. The properties of two webs of cloth having the same weight of 
cotton per square yard depend upon the number of threads in the warp and 
woof, as well as upon their distribution; but in most cases the causes of dif- 
ferences in the behavior of substances are not so obvious. 

By varying the time and temperature of heating, the point and speed of 
chilling, and the time and temperature of re-heating, a wide variety of prac- 
tical properties may be produced in one and the same steel. Molten sulphur 
dropped into liquid air gives a transparent rubber-like mass, which gradually 
becomes brittle as its interior structure becomes crystalline.* The widespread 
use of ageing, maturing, tempering, and similar processes in the various arts 
and industries all bespeak the importance of securing in matter the desirable 
internal structure. 


Gases, LIQUIDS AND SOLIDS 


Although, if we peer profoundly enough, all matter has as its basic units 
protons and electrons, still for many practical purposes, atoms, molecules, 
molecular groups, primary or secondary colloidal particles, microscopic par- 
ticles, or even macroscopic particles, may be the units on whose behavior we 
must mainly concentrate our attention in order to understand many of the 
ordinary physical properties of substances. 

With an ideal gas the tendency is for the constituent atoms or molecules 
continually to rebound apart, and the existence of any temporary grouping 
of molecules would be in accordance with the laws of probability. With 
increasing pressure and decreasing temperature, the chances for the formation 
and persistence of groups of molecules increases, and at the critical point 
there appears the opalescence studied by A. Einstein + and others. With 
liquids, molecular grouping or aggregation must be much more marked than 
is the case with gases,{ and even if any one aggregate of molecules has but a 
limited period of existence, the number of aggregates existing at any one in- 

*The effect on structure and behavior of even traces of “impurities,” is often startling, and 


may make or mar a reaction or a proves! 
See paper by A. Einstein, this volume. : < Crete a, adr eae 
1 wie eked kinetic activity dominates attraction; for as O. E. Meyer says (‘‘Kinetic Theory 
f Gases,” § 85) “The attractive forces which are recognized by us in liquids and solids as cohesion 
a hardness are, according to Joule and Lord Kelyin’s experiments, not absent from the molecules 
2 $ : 


of gases too.” 


18 COLLOID CHEMISTRY 


stant will be large and will approximate a mean value which varies with the 
liquid and with conditions. 

Immobility is what most characterizes a solid from the popular point of 
view. This does not mean that within the solid there is no motion; for. its 
protons, electrons, atoms and even molecules may move. Thus tin and lead 
anneal at ordinary temperatures. But pragmatically speaking, the constituent 
particles of true solids do not move with respect to each other under the 
force of gravity, at least not to a noticeable extent over ordinary periods 
of observation; and we say that the solid maintains its shape. Once the 
particles of an apparently solid substance begin to move with respect to 
each other, the substance will flow. A glass rod supported at both ends will 
sag, and a cork will float up through pitch if given sufficient time. 

It is fair to assume that there is a continuity of the liquid and gaseous 
states (J. H. Jeans, ‘““The Dynamical Theory of Gases,” p. 200; see also 
Van der Waals, “On the Continuity of the Liquid and Gaseous State,” Leyden, 
1873); and that “when a gas or vapor is at a temperature which is only 
slightly greater than its boiling point at the pressure in question, it cannot be 
regarded as consisting of single molecules, but must be supposed to consist 
partly of single molecules and partly of clusters of two, three or more mole- 
cules.” As molecular aggregation increases, the gas becomes a vapor and 
shows the cloudiness of the critical state, until finally the droplets join into 
one cohering mass, and we have a liquid. In like manner, as the constituent 
particles of a liquid decrease their kinetic motion, a state is reached where 
there is no motion, or practically none, and we have what we call a solid. 
While decrease in temperature decreases kinetic motion, this effect is ex- 
aggerated by the fact that this initial decrease of motion enables the specific 
attraction of the particles to assert itself and form larger aggregates whose 
motion diminishes very sharply as their size increases, until with particles 
of about 5 uw motion practically ceases. y 

Let us now-consider the viscosity of gases and of liquids. We are at 
once struck by the fact that the viscosity of liquids diminishes rather rapidly 
with increase of temperature, while the viscosity of gases increases with in- 
crease of temperature, but to a much smaller extent.** At first blush this 
might seem to be an anomaly, but on reflection it will appear that there are 
at least two principal tendencies of increase in temperature, and that these 
vary at quite different rates in gases from what they do in liquids. The first 
tendency of heat is to increase kinetic activity of the particles. The second 
tendency of heat is to deflocculate and thus diminish particle size.¢ 


TABLE IL 
TEMPERATURE VARIATIONS OF VISCOSITY IN GASES AND IN Liguips 
vy for Gases vy for Liquids 

Air Oh ete rentOmEG DO TINTS 0.00017 Water Uap ron ainticls Se cokes 0.018 

PA Vee bs tea ah Be UN aes Peal 0.00019 PO RA oe an sith 6 0.010 

OOS Urea Ser oe oereare ects 0.00022 LOOP Ares seer 0.0028 
O OD Pick cetera te ee 0.00019 Alcohol ONG Aas eae eee 0.018 

20% OR EE ee THO ne 0.00021 Pal) as cee Sage Me 2 ov br 3, 0.012 
H Opn crean ts Sete tera ccwhcke ns Oar 0.00008 Le PN oe Bieler 0.005 

20S Ph As Bites carerst aa otek 0.00010 Glycerin 2:8.) 0 Merce ee 42.0 
CO; Ope Meee Maasai tel ORB ok 0.00014 20:37 sneer ye ee 8.30 

710 haar eu ate na edn ht 6 oad Geran 0.00016 26:52 2 ae ee 4.94 


* This is shown in Table IT f ‘ 
t+ This may be conceived of as being in part due to decrease in specific attraction, consequent 
on atomic expansion or the internal kinetics of the groups. 
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With a perfect gas there would be no molecular aggregation to consider, 
and assuming such a gas to be confined, the only effect of heat (besides 
molecular swelling) would be to increase the velocity of the molecules, thus 
bringing a larger number into closer frictional contact over any given shear- 
ing plane per unit of time, and slightly increasing the viscosity. The ex- 
periments of Thomas Graham (Phil. Trans. 1846 and 1849) on the flow of 
gases through tubes are in accord with the statement of Meyer (lb. cit. 
_p. 85): “The increase of friction with the temperature is in nearly the 
same ratio for all gases . . . ; for the speed of the molecules, which comes 
as a factor into the formula for the coefficient of viscosity, increases with 
the temperature at nearly the same rate for all gases; and it is not unreason- 
able to expect the same also with respect to the free path.” The specific 


SPECIFIC 


CRITICAL, MIST, OR VAPOR ZONE 


LIQVIDS SOLIDS 
INCLVDING: TENDING TO 
COLLOIDAL DISPERSIONS CRYSTALLINE 
STATE 
TRANSITION ZONE 


CURVE INDICATING RISE AND 
S\ FALL OF COLLOIDAL 


ne CHARACTERISTICS 


ATOMIC + 
MOLECVLAR 
DISPERSIONS 


~ 
= 


INCREASING +PARTICLE* SIZE —> yw 


Birgaels 


molecular attractions of the gaseous molecules become dominant as their 
critical points are approached, and are important factors in determining 
liquefaction. 

The relation between the solid, liquid, and gaseous states is illustrated 
by the diagrammatic figure (Fig. 1), in which the curve KM represents the 
mean kinetic velocity of translation of the constituent particles, the curve SS 
represents specific surface (free or rind surface per gram), figured on the 
assumption that the constituent particles are spheres (which is only some- 
times the fact), V represents rise and fall of viscosity as due solely to 
changes of dispersion and showing a maximum in the colloidal zone (Zone 
‘of Maximum Colloidality). The transition between the gaseous and liquid 
states is through the narrow mist or vapor zone which takes in the critical 
state. In the liquid state molecular aggregation is favored by pressure, lower 
temperature, specific attraction of molecules,* the removal of protectors and 
the presence of coagulators. As molecular groups increase in size and num- 
ber, the particulate activity of the system (that is, the activity of the in- 
dividual particles comprising it) diminishes; but as the relatively immobile 
“solid” state is approached, a considerable increase in particle size means 


* This is increased upon atomic or molecular shrinking, the exterior electrons falling into orbits 
nearer the nuclei, 
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only a small decrease in kinetic. motion, so that the true solid state is reached 
through a broad “twilight zone” wherein apparently solid substances may show 
the results of their slow internal motion over long periods of time. 


A capital instance of what may happen in “solids,” if we only wait long enough, is 
shown in the travertine (a calcium carbonate mineral) deposited by the Mammoth Hot 
Springs at Yellowstone National Park, U. S. A. Owing to its sudden release from solu- 
tion due to cooling and escape of COs, and owing perhaps also to the protective action 
of the slime of the alge growing in the hot water, the freshly deposited travertine shows 
a filamentous or crypto-crystalline structure. The older deposits show increasing evi- 
dences of crystallinity, until on reaching the oldest deposits at the top of the terraces, 
estimated by geologists to be between twenty and thirty thousand years old, good-sized 
sparkling crystals are found, which, however, still maintain the rhythmic rings of the 
original deposit. 


What we commonly call the solid state is, therefore, generally a state of 
flux and slow internal readjustment; and there is ample justification for the 
view expressed by E. W. Washburn (‘‘Physical Chemistry”) that the three 
classic states of matter are not gaseous, liquid and solid, but gaseous, liquid 
and crystalline. Many “solids” consist of fine crystals embedded in what may 
just be considered a still liquid matrix, but in many cases even the major 
portion of the matrix may consist of tiny or ultramicroscopic crystals, and 
X-ray spectrographic examination will probably show that many “solid solu- 
tions,” so-called, are not truly such. 

The tendency of heat to diminish particle size (apart from its probable 
swelling action on the atoms) is of minor importance with gases because 
of their already highly dispersed state. With pure liquids, where the mole- 
cules are much more closely packed and have much greater cohesion than 
in gases, molecular groupings must be larger and more numerous. If these 
groups are of colloidal dimensions, the liquid is an iso-colloid, and as the 
groups grow at the expense of the dispersing phase, the liquid tends to go 
over into the solid state. In fact every pure substance in aggregating from 
molecular dispersion to visible particles (or vice versa) must of necessity 
pass through a zone of colloidal iso-dispersion or iso-colloidism. (See von 
Weimarn, this volume, p. 27.) 

With liquids, therefore, heat exerts a marked dispersing action, diminish- 
ing the number and size of the aggregates, with a corresponding increase in 
what we might call the “dispersing phase.” This is equivalent to the simu/- 
taneous dilution of the “dispersion”? and reduction of the percentage of the 
“dispersed phase.” With solids heating does not show any wisible effect 
(apart from expansion) until atomic or molecular “swelling” and increased 
internal kinetic motion become great enough to permit particulate kinetic 
activity, consequent upon the lessening of the attraction of the molecules and 
the molecular groups for each other. The solid is then in a state of incipient 
fusion—it is semi-liquid, and a slight increase in temperature, or even mere 
agitation makes it fluid. 


THE ZoNE oF Maximum COLLOIDALITY 


As Fig. 1 indicates and practical experiment proves, it is possible to 
bring any substance into a colloidal degree of dispersion by either of two 
general types of procedure: (1) by grinding or dispersing relatively large 
particles; (2) by permitting molecularly dispersed particles to aggregate to 
a limited extent. Svedberg calls these dispersion methods and aggregation 
methods respectively. 
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In passing from the region of suspensions where visible kinetic or 
Brownian motion just begins, to molecular dispersion where kinetic motion 
is very violent, it is obvious that we pass from a region where specific sur- 
face (such as it is) is dominant, to a region where, notwithstanding an 
enormous increase in specific surface, kinetic motion is the dominant factor. 

In the course of the transition from the region where specific surface is 
dominant to the region where kinetic motion is dominant, there must be 
_ passed a region where these two factors are nearly balanced, where increas- 
ing specific surface shows its effect before kinetic motion becomes sufficiently 
violent to reduce surface attraction factors to a level of lesser relative im- 
portance. This region is the colloidal zone of dispersion, and theoretically, 
colloidal properties such as viscosity, should reach their maximum where the 
dominance of specific surface ends and that of kinetic motion begins. This 
optimum zone in the colloidal region has been termed by Alexander‘ the 
zone of maximum colloidality. It was first observed experimentally, an un- 
derstanding of its theoretical explanation coming later. Some practical in- 
stances will be given below, showing the occurrence of the zone of maximum 
colloidality. Meanwhile we might consider it mathematically.* 

Purely for the sake of mathematical convenience, we will regard the 
individual particles whose surface and motion we are to consider, to be 
perfect spheres. We know in some cases, e.g., V2O; sols, that this is not 
so, but there is much evidence in other cases (e.g., S sols) that it is; and the 
tendency of surface tension is to make particles spherical. 

Now with spheres we know that their area varies as the square of the 
diameter, whereas the volume (which also means approximately the mass) 
varies as the cube of the diameter. That is, for one individual sphere, if d 
is the diameter 

A~d 
M~V~r~d 


However, for a unit weight (or mass), the specific surface varies inversely 
as the square of average diameter ; that 1s 


1 


And the mean kinetic motion of the particles in this unit mass will vary in- 
versely as the cube of the average diameter; that is 


1 


The reciprocals are used because mean kinetic motion and specific surface 
increase with decreasing values of d. 


*It must be very strongly emphasized that we do not yet know enough to include in any mathe- 
matical analysis all of the factors controlling the behavior of matter; and if we did we would be 
overwhelmed by the formulas involved. Mathematicians confess themselves unable to calculate what 
will happen when three bodies act upon each other according to Newton’s laws of gravitation—the 
so-called three-body problem has never been solved. It is therefore a sort of scientific nee ce ie 3h we 
lull ourselves into a sense of fancied omniscience based upon “rigid mathematical snakes i See 
p. 17. On the other hand, mathematics ig an extremely valuable tool to use in attacking problems 
involved in natural phenomena. However we must remember that in framing a mathematical equation, 
we not only depend upon the correctness of the assumptions made, but at the same time tacitly assume 
that there are no factors omitted. Therefore when experiment fails to confirm a law or eaueon 
which is correctly derived from a mathematical standpoint, it is probable our assumptions are ead 
down under those particular experimental conditions, or else that we have omitted some factor wpe 
there becomes of importance. With a full realization, then, of the limitations and imperfections ie 
this mathematical treatment, let us regard it merely as a temporary bridge leading towards a wider 


point of view. 
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Taking decimally increasing values for d, we get 


1 Apts: 
d d? da? a a 
0.01 0.0001 0.000001 10,000 1,000,000 
0.1 0.01 0.001 100 1,000 
; ie i ib 1. 
10 100 1,000 0.01 0.001 
100 10,000 1,000,000 0.0001 0.000001 


These values are not convenient to graph, and in order to show graphically 
the relative variation of the curves expressing specific surface and mean kinetic 


motion plotted against particle size, we may make use of figures covering a 
more limited range as follows: 


ih ie 400 1000 
d a d® @ a e B 
1 1 1 1.000 1.000 400 1,000 
2 4 8 0.250 0.125 100 125 

3 9 27 0.111 0.037 44 37 
4 16 64 0.063 0.0156 25 15.6 
5 25 125 0.040 0.0080 16 8 
6 36 216 0.028 0.0046 AEZ, 4.6 
7 49 343 0.020 0.0030 8 3 


1 1 e : 
The values of gz and Fe have been multiplied by different constants to 
make their curves, when they are plotted as ordinates against the values of d as 
abscissas, occupy about the same relative positions as we find when we com- 


| 
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lene 2 


pare the kinetic motion of particles in hydrosols having a diameter of about 
1 uw with the specific surface of such particles. 


400 1000 ; : 

Graphing the values of Pp and Fs 3s ordinates against the values of d 
as abscissas, we get the curves shown in Fig. 2, S.S. being the specific sur- 
face curve and S.V’. the volume curve. Their relation is obviously of the 
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same nature as the diagrammatic curves in Fig. 1 showing specific surface and 
kinetic motion plotted in accordance with experiment and observation. This 
is only to be expected, since mass is generally proportional to volume, and 
kinetic motion varies as the mass (the formula for momentum being MV 
where M is.the mass and V the velocity). 

The balance between specific surface and kinetic motion is also important 
in controlling the formation and growth of nuclei, which occur in all cases of 
the solidification of fluid melts, and of precipitate and gel formation. Thus 
_ T. Svedberg ® states: “The spontaneous formation of nuclei in a molten sub- 
stance might be connected with the distribution curves of the velocities of the 
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molecules (Fig. 3). Probably there would be a certain range of velocities 
that favors the production of nuclei. If the velocity is too high, the mole- 
cules will not stick together to form an aggregate; if too slow, the chance 
of meeting will be very small. If we lower the temperature, the distribution 
curve will move in the direction indicated in the figure and the velocity of 
production will increase; when it has passed the maximum it will decrease 
ain.” 
- From what has been said it is evident that the zone of maximum colloidality 
must be a basic phenomenon, and we should therefore expect to find very 
widely scattered evidence of it. A few instances of its occurrence will be 
mentioned to show that this is so. te 
Wolfgang Ostwald® has pointed out the sharp viscosity maxima ob- 
served in the heat coagulation of egg albumin and in the formation of starch 
pastes. In fact when a suspension of starch granules is heated, the viscosity 
rapidly rises to a maximum and steadily falls off as dispersion, accompanied by 
chemical changes, continues. The same phenomenon is observed in starch 
pastes made cold, with alkali. 
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R. Auerbach? points out that coarsely dispersed dyes like Benzopurpurin 
4B and Azo-blue dye better when more finely dispersed by heat, whereas 
finely dispersed dyes like Heliotrope 2B and Erika BN dye more poorly 
under these conditions. Evidently then one of the factors in the “driving 
on” action of acids and salts (Glaubers salt, NaCl) used as adjuncts to 
certain dye baths, is the aggregation of the dye particles to an optimum 
degree of dispersion. F. Sproxton * found that when water is gradually added 
to acetone dispersions of nitrocellulose, the viscosity of the dispersion goes 
through a maximum, both absolutely and relatively to the solvent. Quite a 
similar case is mentioned by C. G. Storm (to appear in Volume III of this 
series). A 4 per cent solution of nitrocellulose (12.2 per cent N) gave the 
following results with a falling sphere viscosimeter : 


Ether Alcohol = 7 
Per Cent Per Cent Viscosity 
Vol. Vol. t 
Slightly= jellied ec crer 80 20 160.7 
75 jo) 59.6 
70 30 39.9 
60 40 28.8 
50 50 235 
45 55 26.1 
40 60 30.5 
Slightly aellicdaerree amet ce 30 70 90.4 


Storm found that with 3 to 6 per cent solutions of nitrocellulose, the 
minimum viscosity was given with 55 per cent ether and 45 per cent alcohol. 
The lowest viscosity corresponds with greatest solubility or dispersion. 

In the case of a mixture of butyric acid and water, containing 38.6 per 
cent acid, Wo. Ostwald (loc. cit.) observed a sharp maximum in viscosity 
which changed as much as 34.3 per cent per degree. 

The viscosity of sulphur rises enormously in the neighborhood of 200° C. 
and falls abruptly again. At 150° it is 8, at 200° it is 50,000, and at 400° 
it is 150. Wo. Ostwald (loc. cit. and Grundriss, 2nd ed., 1911, p. 128) com- 
ments on the relation between this behavior of sulphur and that of critical 
fluid mixtures. 

In the case of metals we have several instances of the zone of maximum 
colloidality. Thus Merica, Waltenberg and Scott® point out that duralumin 
undergoes spontaneous annealing, the hardness reaching a maximum and then 
falling off. With steel we see a similar optimum hardness in hardenite; 
the coarser Martensite, Troostite, Sorbite and pearlite being progressively 
softer, whereas the finer Austenite is likewise softer.?® 

A. Sauveur in the Ist Howe Lecture (1924) before the American Insti- 
tute of Mining and Metallurgical Engineers points out that on heating pure 
iron (Armco iron), after a preliminary softening the metal begins to harden 
again at a little over 900°, reaches a maximum at about 980°, and softens 
again as fusion is approached.'' This hardening leads to red-shortness be- 
tween 900° and 1025°, the lack of plasticity being a maximum between 930° 
and 1000° C. (See Fig. 4.) It is interesting to note that manganese, which 
acts as a “protector” or inhibitor of aggregation even in the presence of sul- 
phur, tends to prevent red-shortness in steels.?? 

It is well known that hammering or severe cold working metals generally 
makes the grain finer and hardens the metal. Rawdon and Mutchler found 
that on continued cold rolling that softening again occurred. Evidently they 
crossed the optimum zone. 


THE SUB-MICROSCOPIC STRUCTURE OF MATTER Ze 


Wo. Ostwald ** points out many alloys reach their optimum. technical 
properties at a mean, that is, colloidal degree of dispersion, and not at the 
highest or molecular dispersion. 

Slightly hydrolyzed gelatin makes a stronger joint than the original high 
test gelatin, or than when highly hydrolyzed,'* and glue is stickiest when 
between the fluid and gel state. 

A striking instance of the zone of maximum colloidality is given in the 
experimental results of McBain with soap (see this volume, p. 137). The first 
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traces of salt added to a solution of, e.g., sodium palmitate lower the viscosity, 
more salt increases it, and with still more salt the viscosity reaches a maximum 
and drops before the limits of homogeneous dispersion are reached. Finally, 
excessive amounts of salt liquefy the jelly. Martin H. Fischer (“Soaps and 
Proteins”) showed with sodium salts of the fatty acids, the water holding 
capacity increases as we pass up the series; the caproate shows signs of hold- 
ing water, while 1 mol of Na caprylate gives a jelly with 250 c.c. of water. 
L. Lascary * reports that the effect of sodium soaps on surface tension in- 
creases with molecular weight to sodium myristate, above which it decreases. 

Viscose shows a maximum viscosity during ripening. The comet's tail 
consists mainly of particles of the intermediate colloidal size which are re- 
pelled by the solar “light pressure.” '° Clouds consist of water droplets too 
small to fall rapidly, and too large to act as vapor or gas. Escaping steam 
becomes visible as it approaches the colloidal zone, and fades away as the 
growing droplets pass out of it. a Yee 

A most striking example of optimum dispersion is found in living matter. 
Figuratively speaking, if all the chemical substances comprising our organism 
were in true or crystalloid dispersion, reactions would proceed so rapidly 
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that we would, so to say, live ten years in ten minutes. On the other hand, 
if coarse dispersion prevailed, it would take ten years to live ten minutes.. 
Every organism is dependent upon the coérdination of its chemical reactions 
in point of time, and this leisurely procedure depends largely on degree of 
dispersion, which keeps chemical reaction velocities within certain speed limits 
through its regulation of free surface and kinetic activity. Life lies between 
lysis and coagulation. The colloidal zone is, as it were, a vital metronome 
tolling off the tempo of life. 
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The following seem to be instances of the zone of maximum colloidality : 

Tron reduced by hydrogen for one hour, shows maximum pyrophoric action if reduced 
at 600° (A, Smits and G. Wallagh, Rec. trav. chim., 44, 130 (1925)). 

Mixtures of sodium stearate and oleate have a viscosity 6-40 times that of either 
alone; the mixture shows ultramicroscopic threads (Freundlich and Kores, Kolloid Zeit., 
36, 241 (1925) ). 

The toxicity of fatty acids to insects increases to about Ci (capric acid) and then 
falls (E. H. Siegler and C. H. Popenol, J. Agri. Rev., 29, 259 (1924) ). 

Sodium thiocyanate produces a maximum viscosity in gelatin solutions at about 1N. 
Change in particle size may be due to change in aggregation or in hydration (E. Stiasny, 
Kolloid Zett., 35, 353 (1924)). Optima occur in the swelling of gelatin in aqueous solu- 
tions of formaldehyde, glycerol, phthalic acid, Mg and Mn salts (Popoff and Seisoff, 
Biochem. Z., 156, 97 (1925)). 

Optimum yeast growth occur at concentrations of ammonium salts which give mini- 
RD eale of wheat glutin (E. I. Fulmer, 2nd Colloid Symposium Monograph, 1925, 
p. } 
fee i in organisms. (See H. Schade, Vol. II; L. Seitz, Gynakol, 124, 25 


Theory of the Colloid State of Matter * 
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I. Brier HistoricAL INTRODUCTION 


It is not quite correct to say that Thomas Graham was quite positive in 
denying to colloids the ability to crystallize, and to crystalloids the ability to 
display colloidal properties. 

As will be realized from Thomas Graham’s own words quoted below, he 
actually conceded both: e.g., the display of colloidal properties by as typical a 
crystalloid as ice, and the crystallizing ability of as typical a colloid as albumen. 


“Tce itself presents colloidal characters at or near its melting point, paradoxical though 
the statement may appear. When ice is formed at tefmperatures a few degrees under 
0° C., it has a well marked crystalline structure, as is seen in water frozen from a state 
of vapor in the form of flakes of snow and hoar-frost, or in water frozen from dilute 
sulphuric acid as observed by Mr. Faraday. But ice formed in contact with water at 
0° C. is a plain homogeneous mass with a vitreous fracture, exhibiting no facets or angles. 
This must appear singular when it is considered how favorable to crystallization are the 
circumstances in which a sheet of ice is slowly produced in the freezing of a lake or 
river. The continued extrication of latent heat by ice as it is cooled a few degrees below 
0° C., observed by M. Persons, appears also to indicate a molecular change subsequent 
to the first freezing. Further, ice, although exhibiting none of the viscous softness of 
pitch has the elasticity and tendency to rend seen in colloids. In the’ properties last men- 
aes it suggests a distant analogy to gum incompletely dried, to glue or any other 

rm jelly. 

Ice further appears to be of the class of adhesive colloids. The reintegration 
(regelation of Faraday) of masses of melting ice when placed in contact has much of a 
colloidal character. A colloidal view of the plasticity of ice demonstrated in the glacial 
movement will readily develop itself. 

A similar extreme departure from the normal appears to be presented by a colloid 
holding so high a place in its class as albumen. In the so-called blood- crystals of Funke, 
a soft and gelatinous albumenoid body is seen to assume a crystalline contour. Can any 
facts more strikingly illustrate the maxim that in nature there are no abrupt transitions, 
and that distinctions of class are never absolute?” 


Thomas Graham was, however, not quite clear as to the conditions to be 
fulfilled in order that the transition should take place from the colloid to the 
crystalloid state and vice versa. 

Thomas Graham himself admits that these conditions “remain still a mys- 
tery”, though he indulges in a few correct speculations concerning the condi- 
tions under which the crystallizing tendency of the colloids would assert itself. 


“Dilution,” says Thomas Graham, “no doubt weakens the colloidal character of sub- 
stances, and may therefore allow their crystallizing tendency to gain ground and develop 
itself, particularly where the crystal once formed is completely insoluble as with quartz.” 

While the above quoted and other ideas of Thomas Graham of similar 
purport received no attention in the scientific world, his assertions, viz. :— 

* Translated from Russian by S. F. Slokasoff, Chem. Eng. 
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that the colloid substances would be “marked out by the absence of power to 
crystallize,” that the colloids and the crystalloids would be “like different 
worlds of matter,” that the dissimilarities between these two worlds would be 
as sharp as those “between the material of mineral and the material of an 
organized mass”—these and similar assertions were constantly repeated by 
everybody, and were introduced into most of the text-books on chemistry and 
physics, to appear in the chapters dealing with the colloids. - 

I have no knowledge that, up to 1906, any of the investigators of colloids 
had ever set himself the task, to disclose—by way of a systematic experimental 
investigation of the process of crystallization of different substances from solu- 
tion—the transition conditions from Colloid to Crystalloid and vice versa, 
which conditions remained a “mystery” to Thomas Graham. 

‘Nor is it known to me that, up to 1906, any scientist had ever given—in 
one way or in another—an experimental, or even a theoretical basis to the 
law of the universality of the colloid state. 

As regards not the law itself of the universality of the colloid state, but 
merely isolated ideas and surmises, implying an interpretation of the colloid 
state as either a state proper—however only qualitatively—to substances be- 
longing to all classes of our chemical system, or as some unstable condition, 
which must apparently be gone through by all substances when precipitating 
from solutions (e.g., especially in the cases of so-called amorphous precipita- 
tion, if interpreted as a segregation process of liquids), and the like—such ideas 
and surmises have actually been voiced even before 1906 by some scientists. 

In the above sense,* statements were made by J. M. van Bemmelen (1898), 
by D. I. Mendeléef. (1902), and by A. Mueller (1903). 

But of all these ideas, of all these surmises not a single one did ever imply 
—or even vaguely hint at—the possibility of the existence of notably a colloid 
state that, under conditions properly selected would for any substance what- 
ever be as quantitatively stable in tume (e.g., extremely stable), as it happens 
to be with some given substance or other. 

And therefore one may aver that, at the moment when I was publishing 
my investigations, the idea of the universality of notably such a colloid state 
as, subject to properly selected conditions, is for the whole number of sub- 
stances, equally quantitatively stable in time f (e.g., extremely stable), was 
an entirely new idea. 

My investigations which led me to the theory of the colloid state—which 
will be explained in the later chapters of the present paper—were carried out 
in 1905 and 1906. 

In the latter half of 1905 I began my systematic experimental investiga- 
tions on the influence exerted by the concentration of the reacting solutions on 
the process of precipitation of solid substances but slightly soluble in water, 
and of solid substances which, while being readily soluble in water, are but 
slightly soluble in solvents other than water (e.g., CuCl, in benzene). 

During the initial period of my investigations, I did not yet introduce any 
alterations of my own into either the concept “amorphous precipitate” or the 
concept “colloid state.” 

Nor did I initially treat those factors separately from each other, which 
suffer quantitative changes whenever the concentration of the reacting solu- 


*Tt should be noted, however, that, at the time when they were uttered, such ideas failed to 
exert any influence on the development of the teaching of the colloids, and that I was actually the 
first to mention them in my publications. 


7 See below: Tables IL and III; aluminium hydroxide and barium sulphate respectively, 
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tions changes; I contented myself with classing these factors together as 
“Internal Resistance to Crystallization from Solutions” or simply as ‘“Resist- 
ance in Solution.” 

It is but natural, of course, if the crystallizing ability of a substance, under 
certain well-defined conditions, is said to be greater, the larger are the crystals 
which, under the same conditions, would separate out from a solution of this 
substance. 

Hence it is reasonable to designate as “Internal Resistance to Crystalliza- 
“tion from Solution,” the totality of the conditions prevailing during the pre- 
cipitation of substances from their solutions, by which the substance is coerced 
‘to separate out, now in large, and now in exceedingly small crystals, now under 
the shape of an amorphous precipitate, and now as a colloid formation. 

Before January, 1906, my study of the influence of the concentration of 
the reacting solutions on the precipitation process was already completed for 
63 different substances selected in an arbitrary manner. 

Since, however, these substances were taken at random; since in all cases, 
the influence of the concentration on the precipitation process proved, in a 
general way, to be the same; and since, finally, | was able to convert into the 
colloid and the amorphous states every substance of these 63 substances, I 

felt myself entitled—in my communication, “The Colloid State as a Universal 
Property of Matter,” delivered before the Russian Chemical Society on Feb- 
ruary 15 (2), 1906, to establish the following principles: 


I. “By increasing the resistance to the forces tending to bring the particles into an 
arrangement characteristic of a crystal, we shall obtain any substance in the colloid 
state; conversely: on weakening this resistance, any substance will separate out in the 
crystalline state.” 

II. “The colloid, the amorphous and the crystalline states are just as universal with 
matter, as the property of matter is universal, to appear in the three states of aggrega- 
tion; just as the realization of these latter states for all substances has ever required, and 
still requires, an expenditure of time and effort, and also the application to the substance 
of more and more powerful agents, so is the preparation of all solid substances in the 
colloid, the amorphous and the crystalline states dependent on the same factors.” 


From other deductions, one more shall here be quoted: 


“For a given substance, no sharp boundary lines may be drawn between the colloid, 
the amorphous and the crystalline states, since the mutual transition from one state to 
another is affected by degrees, as the resistance is overcome to the forces which tend to 
bring about separation of the substance in the crystalline state.” 


It will clearly be realized from the above literal quotations, that my deduc- 
tions were merely a generalization of my experimental results obtained with 
the above 63 arbitrarily selected substances. 

These deductions were nothing of a conjecture, nor were they a theoretical 
speculation; as a matter of fact, not alone was the idea on the universality of 
the colloid state embodied in these deductions, but they represented the law 
itself of the universality of the colloid state, established on experimental 
grounds. 

In the course of my further experimental work during the same year 
1906, I convinced myself that the particles of the amorphous and the colloid 
systems were, no doubt, crystalline; and that therefore, the amorphous and 
the colloid states could not be treated as two separate states of matter, seeing 
that both the amorphous and the colloid systems contained the substance in a 
solid, crystalline state, but only while in extreme subdivision. 

On the 20th (7) of December, 1906, I communicated these results to the 
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Russian Chemical Society, in my paper: “Some Contributions to the Question 
as to Whether or Not the Colloid and the Amorphous are Independent 
States.” 

In this same communication, and once again in my communication delivered 
before the Russian Chemical Society on April 18 (5), 1907, I pointed out 
that the principles and the laws I had been able to deduce, which regulate the 
size of the particles of solid phases separating from liquid solutions, ought to 
be generalized so as to cover all cases of new phases coming into existence. 

Finally, in my communications read before the Russian Chemical Society 
during 1907, I was able to show firstly: that the colloid state must always be 
passed through, whenever already existing phases disappear (e.g., when sub- 
stances dissolve, evaporate, and the like), and secondly: that particles (mole- 
cules and molecular complexes) similar in size to those present in colloid 
systems may, under some well-defined conditions, also exist in such systems 
as, according to the Phase Rule, are classed with the one-phase systems. 

During the same years 1906 and 1907, I also succeeded in deriving the 
law of the universality of the colloid state—in its above broad interpreta- 
tion—by way of deduction; namely, from a theoretical analysis of both the 
processes of formation of new phases, and the processes of already existing 
phases passing away, and the like. 

And so, in the years 1906-1907, I have been able to establish, both induc- 
tively and deductively, the law of the universality of the colloid state,—not of 
a state that would be quantitatively different with the various substances, but 
of a state that, whenever realized under properly selected conditions, is quan- 
titatively the same for all these substances; and besides, I have succeeded in 
giving to the concept of the colloid state so wide an extension as, up to that 
time, it had never received. 

In this place it should be mentioned that, among contemporary investi- 
gators of the colloids, I know but one who, in his endeavors to work out a 
rational classification of the colloids, went the same length as I did—and this 
quite independently of my above investigations—in extending the concept 
of the colloid state, so as to comprise all cases of the coexistence of different 
phases, not merely those of the systems consisting of liquids with solid par- 
ticles suspended therein. 

This investigator was the German scientist Wolfgang Ostwald, who, in 
April-May, 1907, published his work: “Contributions to the Systematics of 
Colloids,” which since became classic, and which contains a rational classifica- 
tion of disperse systems. 

From this very brief historical introduction it may thus clearly be seen 
that my theory of the colloid state, of which the fundamental principles will 
be explained in later chapters of the present paper, has arisen as the result 
of my experimental work in studying the processes of precipitation of solid 
substances, accomplished in the latter half of the year 1905; in my works of 
1906 and 1907, this theory has received a further and wider development, on 
both experimental and theoretical lines. 

To be as brief as possible, my theory of the colloid state will be presented 
in this paper for the cases only, of solutions of solids in liquids, and for the 
cases of the appearance and disappearance of solid phases in liquid media. 

I wish, however, to emphasize at the outset and most emphatically that 
as was already pointed out in my publications dating as far back as the years 
1906 and 1907, the principles and the laws deduced by myself for the cases 
mentioned above, are equally valid—with but inconsiderable additions and 
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modifications—for the cases of other solutions (e.g., for solutions of liquids 
in liquids, and so on), and for the cases of the appearance and disappearance 
of other phases, and not of solid phases alone, 

After having made this remark, which I consider to be very essential, I 
shall now proceed to the presentation of the fundamental principles of my 
theory of the colloid state. 
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Il. THe FUNDAMENTAL PRINCIPLES OF THE THEORY 


1. All the properties (both chemical and physical *), which earlier were 
considered as specific for colloid substances, appear spontaneously 
with every solid substance as its subdivision progressively increases, 
irrespective of the means by which this subdivision is brought about 
(e.g., whether they be chemical, physico-chemical, physical, mechanical, 
and the like). 

2. Any solid substance, regardless of what its chemical nature or any of 
its other properties may be, must always pass, on dissolving, through a 
colloid stage of solution. 


And in fact, if, with a size of the crystalline grains falling below the limits 
of microscopic resolvability, the colloid properties (Principle |) begin to assert 
themselves sharply, it is obvious that, were we to stir up a pinch of some 
powdered substance in a liquid in which it is able to dissolve, the grains of this 
powder must necessarily pass through a colloid stage of solution, previous to 
their complete dissolution, 1.e., before they break up into molecules (in special 
cases—into atoms ). 

For the cases of solid substances rapidly dissolving in the liquids selected, 
the time intervals, during which this colloid stage of solution would persist, 
will naturally be very small, but nevertheless, even for these cases, the exist- 
ence of a colloid stage of solution is beyond any doubt. 


3. Any solid substance, regardless of what its chemical nature or any of its 
other properties may be, must always pass, on crystallizing, through a 
colloid stage of crystallization. 


For the cases of a rapid increase in size, i.¢e., of rapid growth of the vanish- 
ingly small crystals initially formed, the time intervals, during which the 
colloid stage of crystallization would persist, will naturally be very small, but 
nevertheless, even for these cases, the existence of a colloid stage of crystal- 
ligation 1s beyond any doubt. 

The Principles 2 and 3 indicate that the colloid stages of solution and 
crystallization will take place for any substance and under any conditions 
whatsoever of solution and crystallization; but the intervals of the existence 
of these colloid stages may not always be of a duration that would suit some 
purpose or other of ours. My theory of the colloid state maintains that: 


* My theory of the colloid state is neither purely-chemical, nor is it purely physical; it is a 
physico-chemical theory, inasmuch as it takes into account both the physical and the chemical factors. 
This has duly been pointed out for the first time (so far as I know) by the Italian scientist 
Leonardo Cassuto, when classifying the various theories of the colloid state in his work: “Lo stato 
colloidale della materia,’ Pisa, 1911, pp. 258-268. German Translation: “Der kolloide Zustand der 
Materie,’ S, 226 (1913). Verlag von Th. Steinkopff, Dresden, 
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4. For any substance, such physico-chemical conditions of crystallization 
and solution may, according to one’s wish, be realized at which the 
colloid stages of crystallization and solution would last for periods of 
time, of which the corresponding durations may be varied, according to 
the above mentioned conditions, within extremely wide limits, viz.: from 
such practically vanishingly small values as amounting, e.g., to fractions 
of a second and seconds, up to such large values as measured by years, 
decades and even centuries. 

5. For any given solid substance, suitable solvents and such temperature 
conditions may be found, at which, in the solutions of this solid sub- 
stance in the above solvents, large molecular complexes will form by 
way of solvation and association, subsequently to persist in a state of 
kinetic equilibrium, which (7.e., complexes) will not be inferior in size 
to the particles existing during the colloid stages of solution and crystal- 
lization of substances (vide: Principles 2, 3 and 4). 


To the same species of the colloid state also belong solutions of such solid 
substances, whose molecules contain a large number of atoms condensed by 
ordinary chemical forces (e.g., the proteins and the like), or—to put it in 
another way—the solutions of substances of composite chemical nature. 

Having thus briefly stated the fundamental or the general principles of 
my theory of the colloid state, I shall next proceed to a brief special considera- 
tion of the conditions under which stable colloid formations will arise; but, 
before anything else, the fundamental laws governing the precipitation of solid 
substances from their :solutions in liquids must here be treated. 


Ill. Tue FUNDAMENTAL LAws GOVERNING PRECIPITATION OF SOLID SuB- 
STANCES FROM THEIR SOLUTIONS IN LIQUIDS 


The fundamental laws which will be treated in the present chapter were 
established by me in 1906 as deductions directly derived from a comprehensive 
volume of experimental results. ; 

For the easy understanding of these laws, above all, the conditions must be 
clearly defined, under which the processes of precipitation of solid substances 
from solutions were studied. 

This will be done in the first instance. 

In the second instance, in order to facilitate the apprehension of the laws 
of precipitation subject to our consideration, I shall first treat them for the 
most simple of theoretically idealized cases, and subsequently proceed to the 
real cases. 


A. The Conditions which were Fulfilled while Studying the Precipi- 
tation Processes of Solid Substances from their Solutions in 
Liquids. 

The crystallization of a substance from its solutions may either be “spon- 
taneous,” or it may be “produced by the introduction of germs’ of the crystal- 
line substance into supersaturated solutions of the substance. 

It is precisely spontaneous crystallization, to which the laws to be explained 
below apply. 

This is the first condition. 

The second condition concerns the volumes of the solutions applied for 
crystallization purposes. 
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It is an elementary truth that it is impossible to obtain from a microscopic _ 
droplet of a solution (e.g., of NaCl in water) crystals as large as those which — 
may be obtained from one litre of the same solution. , 

No less is it obvious that, for obtaining NaCl crystals of the same magni- 
tude (e.g., crystals weighing 1 gram) from a solvent in which the solubility 
of NaCl is equal to 20 grams per 100 c.c. solvent, and from some other solvent, 
in which the solubility of NaCl is but 0.0002 of a gram, different volumes of 
the solutions are to be applied, be it for no other reason than that no such 
quantity as 20 grams, but only two ten-thousandth parts of a gram of NaCl, 
is present in 100 c.c. of the solution in the latter case. 

The condition concerning the volumes of the solutions applied for crystal- 
lization is equally important from the practical, as well as from the theoretical 
standpoint. 

In the theoretical analysis of the precipitation processes, in order to exclude 
completely the influence of the volumes on the results of the crystallization 
processes, crystallization is assumed (this is, of course, a purely theoretical 
assumption) to take place, out of unlimitedly large volumes of the solutions. 

The bearing of this assumption (which cannot be fulfilled im reality) on 
the theory of the crystallization processes will become quite clear in the course 
of further discussion. 

The condition which serves, in real cases of precipitation, to exclude prac- 
tically the influence of the volumes * consists in applying for crystallization 
purposes such volumes of the solutions as would warrant,—for all cases, 
subject to comparison, of precipitation,—the same amount, in gram-molecules, 
of precipitates at the end of the crystallization process. 

In order to fulfil such a condition, we should obviously take the slightly 
supersaturated solutions in correspondingly larger volumes than those taken of 
the strongly supersaturated ones. 

It will readily be understood that it is only if this condition concerning 
volumes has been satisfied, that we may be absolutely certain that the small 
crystals, obtained at a given supersaturation, have been produced, not because 
of any shortage of substance, due to inadequately small volumes of the solu- 
tion having been applied, but as a result of the factors regulating the crystal- 
lization process, quite independently of the above shortage. 

Whenever crystallization occurs “instantaneously” (as perceived by our 
senses, of course,—not absolutely), the influence of the volumes is practically 
of no importance, or better let us say—it is vanishingly small. 

And in point of fact, if we pour together a 7-normal aqueous Ba(CNS), 
solution and a 7-normal MnSO, solution, the result of precipitation will be 
the same, whether we take 1 c.c. or 1000 c.c. of each solution, provided that 
the velocity of pouring together and stirring the solutions was the same in both 
cases; we shall obtain in both cases an equally extremely fine-crystalline pre- 
cipitate of BaSO, (of so-called “amorphous-flocculent” appearance). 

If, on the other hand, the concentration of the reacting solutions is e.g., 
equal to or smaller than 1/5000 normal, the result obtained in crystallization 
of the sane BaSO, (with regard to the crystal size) will largely depend on 
the volumes taken of the reacting solutions; with the above mentioned con- 
centratio!’S the crystallization process will no longer be “instantaneous.” 

In of 2r that the above treated condition be kept in practice, the volumes 
taken of she reacting solutions must be correspondingly larger for small con- 


* Perhaps it would be better, were we to speak of the influence of a shortage of substance in 
the very slightly supersaturated solutions, when small volumes of them are taken, on the magnitude 
of the precipitate crystals separating therefrom. 
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centrations, than for the larger ones; and on comparing the results obtained 
in crystallization for substances having different solubilities, correspondingly 
larger volumes of the solutions are used for the less soluble substances. 

The third condition of rational study of the spontaneous precipitation 
processes of solids from solutions implies the most perfect elimination, so 
far as this is possible, of arly artificial influences on the course of the crystal- 
lization process, such as e.g., the artificial application of the centrifugal force, 
some kinds of special rays, electric energy, and the like. 

Any artificial mechanical stirring is also excluded, after the crystallization 
process has set in. 

The solutions undergoing crystallization must, certainly, always be thor- 
oughly mixed together before crystallization begins, so as to secure as com- 
plete a homogeneity of the mixture as possible; but stirring during the course 
of the crystallization process means only introducing a factor which, being 
superfluous, tends to render the phenomena somewhat.more complicated. 
In other words, the conditions quoted above may, in the last item, be re- 
duced to the requirement that, having eliminated the influence of a shortage 
of substance in solution, on the crystal sizé of the precipitate (the condition 
concerning volumes), we should study the laws governing spontaneous crystal- 
lization in its natural course, 1.e., without the introduction of any artificial 
agents that would influence the process from outside. 


B. The Fundamental Precipitation Laws for Theoretically Idealized 
Cases. 


In our further discussions, the following abbreviations will be used: 


Gm = mean size of the precipitate crystals as measured in gram- 

molecules. 

the reciprocal value of Gm; we may call it the “degree of 

disintegration” * of precipitates. 

(Q —L) = the difference between the concentration Q of the solution, 
the concentration which existed before the crystallization 
process has set in, and L the ordinary solubility of the sub- 
stance constituting the precipitate. Q and L are both ex- 
pressed in gram-molecular terms. In some cases, the differ- 
ence (Q —L) may be called the initial absolute supersatura- 
tion of the solution. 


Din 


| 


By way of idealization of real cases of precipitation, I developed the two 
following assumptions, which proved extremely helpful in simplifying the 
theoretical (and graphical) treatment of the question: 

la. The precipitation curves with the codrdinates: Gm and (Q—L) rep- 
resent—after the termination of the crystallization process—hyperbolic 
curves, which are expressed by the general equation : 


n ‘| 
Gar (Q—L) == COnS tes CA (A) 
where m is an integer number greater than zero; the values of m and those of 
the constant are varying, according to the conditions of the preci tation of 


the substance: 


*Tt would also be possible to call D», the “degree of dispersity,’’ a term, which, in due time, 
was introduced by Wo. Ostwald—however, only to designate the relation of the surface of particles 
to their volume. 
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For the simplest of the theoretically idealized cases, n = 1; the equation 
(A) will then go over into the equation of a bilateral hyperbola. 

lb. The precipitation curves with the codrdinates: Dm and (Q—L), 
represent—after the termination of the crystallization process—parabolic 
curves, which fit, all of them, into the general equation: 


pee Wei (B) 


where » is an integer number greater than zero, and a is a constant; the values 
of n and of a vary, according to the conditions of precipitation. 

For the simplest of the theoretically idealized cases, m= 1; the equation 
(B) will then go over into the equation of a straight line. 

2. After the end of the crystallization process, the dimensions of the pre- 
cipitate crystals are no longer subject to alteration in the course of time. 

In other words, what we assume for the theoretically idealized cases, is 
firstly : that the re-crystallization process is entirely absent, 7.¢c., that there is no 
growth, with time, of the larger crystals at the expense of smaller ones. 

And secondly: that, by way of aggregation of crystals, if they are ever so 
small, we may only obtain aggregates * (balls, flakes) of crystals, but never a 
homogeneous crystal like those obtained by way of direct crystallization. 

In order to make this paper as concise as possible, I shall here discuss and 
illustrate by graphs only the precipitation curves with the coordinates: Gm 
and (Q—L). 

- It will certainly not be difficult to apply, in a suitable manner, the general 
conclusions which we shall have drawn, also to the curves with the codrdinates : 
D, and (Q—L). 

It is easy to understand that, if for the simplest of the idealized cases, the 
equation holds: 


Gm. (Q—L) =const., 


then, for the same simplest case—if we go over to linear dimensions—(e.g.: 
cube-edge = 1), we shall have: 


10) Ie ae 


In carrying out the theoretical analysis of the crystallization process, we 
may certainly avail ourselves of a variety of methods. 

The most expedient method is, in my opinion, the one described below; 
since the beginning of my scientific work, 7.e., for about 20 years, I have always 
used this method, and it always proved of the greatest assistance to me, even 
when analyzing the most complicated cases of precipitation of substances. 

Namely, the crystallization process is most conveniently split into two 
stages. 

The first stage would comprise the condensation of molecules to molecular 
complexes—very minute crystals invisible even with the ultra-microscope (or, 
as upper limit, only just perceptible under the most perfect illumination 
conditions). 

As will readily be understood, it is not only possible, but even necessary 
that to that stage we should apply the laws of chemical kinetics of homogeneous 
systems. 

The second stage would then consist in the growth through diffusion of 


* The individual crystals constituting these aggregates may either be coadj 
together. adjacent or grown 
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the minute crystals which were formed during the first stage of crystallization.* 
It is not difficult to understand that it is already the laws governing chem- 
ical kinetics of heterogeneous systems which may and which must be applied to 
this second stage. 
We could certainly calculate, in absolute measure, the velocity of the crys- 
tallization process—like the velocity of any chemical process—for any given 
moment of the first stage, from an equation of the form: 


driving force 


Velocity of the process = : 
resistance 


S) 

if only we were able to determine, for any given moment, the values of 
“force” and of “resistance” (W. Nernst ?). 

Since we are now discussing theoretically idealized cases, we may assume 


that determinations of this kind are possible; and if so, the velocity W during 
the first stage of crystallization, will be expressed by the formula: 


crystallization (or condensation) pressure + 
’ crystallization (or condensation) resistance 


Wis (1) 

As regards the value of the velocity of crystallization VY which prevails 
during the second stage of crystallization, it is given, conformedly to the 
Nernst-N oyes-W hitney * theory, by the equation: 


V=D/d.0.(C—L); (II) 


where: D = diffusion coefficient, 
O = surface of the growing crystal or crystals, 
C = concentration of the solution surrounding the crystal or crystals, 
L = solubility of the substance of crystals, 
= length of the diffusion path (thickness of the adhering layer). 


Previous to my clearing the question as to the quantities which are to play 
the parts of “crystallization pressure” and “crystallization resistance’ in the 
formula for W, I shall draw (Fig. 1) three precipitation curves with the 
coordinates: Gm» and (Q —L). 

These curves may be regarded either as obtained by the precipitation of 
the same substance from three different solvents, or by precipitation of three 
different substances from the same solvent, or, finally, by precipitation of three 
different substances from three different solvents. 

Fig. 1 will help us to deduce, in part, the fundamental precipitation laws 
for theoretically idealized cases. 

To begin with, how are we to understand the hyperbolic interdependence 
between the magnitude Gm of the precipitate crystals and the magnitude of 

—L)? ; 
eis oe the hyperbola a curve, both of whose branches would touch the 
coordinate axes (which, in the present case, are also the asymptotes) at an 
infinite distance only ? 

If we abstract from our real possibilities, the above hyperbolic interde- 
pendence is to be understood in the sense as follows : 


*To be scrupulously exact, it should be noted that, during the first moments of crystallization, 
the second andthe first stages will, to a certain extent, superimpose themselves upon each other, 
owing to the thermal non-uniformity, which is unavoidable with all really existing systems. If, 
however, we treat separately the first and the second stages, this will by no means affect the 
correctness of our deductions. 2 

+ By suitably selecting the units: k = I, 
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1. Only with infinitely small (Q —L), an infinitely large crystal may be 

"obtained (of course, with infinitely small velocities), for any substance, 
from an infinitely large volume of a solution of this substance. _ 

2. Only with infinitely large (Q—L), such systems may be obtained for 
any substance, as consist of molecules disorderly scattered in space, 
i.e., “amorphous” systems—if the atoms and the molecules be assumed 
as amorphous “per se” (I have never agreed to accept this assumption. 
Still less am I inclined to do it now). 


If now we revert from abstraction to reality, the first of the above con- 
clusions is to be understood to indicate that, with sufficiently small (Q —L), 
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it is possible to prepare extremely large crystals for any solid substance 
whatever. 

And our second conclusion—if we turn to reality—would imply that, with 
really attainable (Q—L), and with really attainable mean * velocities, if 
these (Q— L) and these velocities be ever so large, it is impossible to obtain 
absolutely “amorphous” solid systems; but if the (Q—L) and the mean 
velocities are sufficiently large, it will be possible to realize, for every solid 
substance, such precipitates or, generally, such systems, as contain crystals of 
ultramicroscopic, and even superultramicroscopic dimensions. 

It is not difficult to understand that this conclusion covers both the law 
of the universality of the colloid state, and the principle of the impossi- 
bility of amorphous solid substances to exist in real Nature. 

What else do the precipitation curves with the coordinates: G, and 
(Q —L) in Fig. 1 tell us? 

Among other things, they tell us that, for the same value of (Q —L) and 
for the same substance, if it but crystallizes out from different solvents, the 
precipitates obtained after the completion of crystallization will greatly differ 


* The mean velocity = (Q—L)/t, where ¢ is the time elapsed from the beginning to the very 
end of the crystallization process. 


o —— 
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In average magnitude (Gm) of their crystals (see Fig. 1, points: A,, As, As, 
which correspond to the same value of /Q — L/). 

Quite analogously, we may have—as a result of the crystallization process 
having completed itself—precipitates altogether identical with respect to the 
average magnitude of grain (Gm), but with very different (Q —L), as will 
be clear, if attention is turned to the points: B;, B., Bi, in Fig. 1, which all 
belong to the same straight line, running parallel to the horizontal codrdinate 
axis, and which correspond to quite different values of (Q —L). 

Let us explain this by an example. 

From nearly boiling H,SO,, it is the matter of but a few minutes, to 
obtain microcrystals of BaSO,; let, for this case, (Q—L)=o0b, (see 
point B,). 

Similar microcrystals of BaSO, can also be prepared from aqueous solu- 
tions; this, however, is only possible with (Q—L) = ob, which is many 
times smaller, and: much more time will be needed than in the above case; 
accordingly, the mean velocity of crystallization will here be considerably 
smaller than it was in the above treated case (that of crystallization from boil- 
ing H,SO,). 

And finally, by carrying out the formation reaction of BaSOy, in mixtures 
of water and ethyl alcohol (e.g., 50 per cent), we are also able, of course, to 
prepare microcrystals of BaSO, of the same average magnitude as in the two 
cases quoted above; here, however, the time necessary for the crystallization 
process to come to an end will be quite unusually protracted, because 
(Q —L) = obs is extremely small; that is to say, the mean velocity will in 
‘this case be unwontedly small for ordinary laboratory work. 

It should be stressed here that it is just owing to the lack of clearness con- 
cerning the relations just treated, that the teaching of the “amorphous” pre- 
cipitates, of the “non-crystallizing” substances, was able to keep ground; a 
teaching which, from my point of view, deserves being classed down among 
the most absurd doctrines, which imply the most detrimental consequences. 

Fig. 1 proves also helpful for obtaining a clear understanding of the very 
important law which, in due time, I called the “Law of Corresponding States 
for the Crystallization Process.” 

Let the precipitation curves in Fig. 1 be related, e.g., to substances of 
different chemical composition. 

Taking (Q—L)’ = ob; as standard measure, the corresponding values 
of (OQ —L) for the two other substances—t.e., values as would secure equal 
Gm—will be: (seé poiht B, in Fig. 1) ob, = j..0bs = jo(Q—L)’, and (see 
point B, in Fig. 1) 0b; = j,. 0b; = j1(Q—L)’; and so on, if the number of 
curves drawn in Fig. 1 be greater than three. 

The quantities: (Q —L)’, i(Q —L)’, j2(Q—L)’, . . . are the corre- 
sponding quantities (there will, of course, be corresponding mean crystalliza- 
tion velocities correlated to them), with which the substances: Xo, X1, Xo, . 
X,, of different chemical composition, would yield, after complete termination. 
of the crystallization process, precipitates of the same mean magnitude of 
crystal-grains (Gm). 

In other words, with corresponding values of 7.(Q—L), all substances, 
whatever their chemical composition, will appear, after the end of the crystal- 
lization process, as precipitates, of which the mean magnitude of crystals 
(Gy) ts the same. 

And this is the “Law of Corresponding States for the Crystallization 
Process’ in its quantitative formulation ; this formulation cares little for either 
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Pirate fa. 


Precipitates of BaSO.. Precipitates of NaCl. 


No. 1. INO: Oo: 
About 0.65 of the natural size. About 0.6 of the natural size. 


No. 2. No. 6. 
Magnification: about 850. Magnification: about 400. 
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is Prater Ib. 


No. 3. No. 7. 
Magnification: about 2000. Magnification: about 400. 


No. 4. No. 8. 
Magnification: about 2000. Magnification: about 2300. 
Colloid precipitate. Colloid precipitate. 


42 COLLOID CHEMISTRY 


the form of the contours of the crystals, being merely concerned with the mean 
magnitude G,, of these crystals. 

Dependent on the values of the quantity (Q—L), the substances may 
also separate out in a variety of “qualitatively” different precipitate patterns. 

The grains of the precipitates may, for instance, represent holohedral 
crystals (see Plate 1; microphotographs No. 1, 2, 5, 6), or figures of growth 
(No. 3, 7), or finally, they may display a very fine-grained structure and be 
of flaky-gelatinous consistency (No. 4, 8), and so on. 

The microphotographs in Plate I are pictures of NaCl and BaSOy, pre- 
cipitates.* 

Suppose, for instance, that the formation of figures of growth is taking 
place, for some particular substance, with a certain value (Q—L)a, while 
the same occurs, for other substances, with the values: 7’.(Q—L)a, 
i’. (Q—L)a, ... and so on, respectively; these values of (Q—L) will 
then fulfil the rdle of corresponding values for the whole number of substances 
concerned in the given set of experiments. 

Similar corresponding values of (Q —L) can also be established for other 
“qualitatively” different precipitate forms; and if so, we may assert that: 

With corresponding values of (Q—L), any substances whatever can be 
prepared in whatever “qualitatively” identical precipitate form may be desired. 

This is another formulation of the “Law of Corresponding States for the 
Crystallization Process,” so to say, from its “qualitative” side. 

The possibility of preparing “qualitatively” identical forms of precipitates 
must certainly not be interpreted in the sense, e.g., of the possibility of obtain- 
ing, for a substance which habitually crystallizes in some definite kind of 
symmetry, figures of growth as would correspond to whatever other kind of 
symmetry ; this is impossible: and it is therefore that the figures of growth for 
the NaCl (see microphotograph No. 7) are built up in a different manner 
than are those for the BaSO, (see microphotograph No. 3). 

And further, the figures of growth of the so-called strongly negative 
crystals will be shaped as long, fine needles, and the corresponding precipi- 
tates will display a “fibrous” or “filiform” structure (similar “fibrous” or 
“filiform” precipitates, t.e., precipitates consisting of fine, long microneedles, 
are yielded, e.g., by: asbestos, soaps, acid barium sulphate, CaSO,.2H.O, 
SrSO,.2H,0O, silver acetate, and a large number of other substances). 

The strongly positive crystals,—in which the points of the network are 
most densely massed in a singular plane, in which lie the directions of maxi- 
mum cohesion and most intense growth,—being characterized by a tabular 
habit, can assuredly not be expected to change “qualitatively,” under the in- 
fluence of a change in the mean velocity of crystallization, the form of their 
crystalline precipitate grains in exactly the same manner as do the strongly: neg- 
ative crystals, these latter being possessed of a singular direction of maximum 
cohesion, which is also the direction of most intense growth; this accounts 
for the prismatic habit of such crystals.* 

In other words, on changing the values of (Q—L)—and consequently 
also the mean velocities of crystallization corresponding to these values— 
we may produce, for any substance, any alteration desired in the magnitude 
of the precipitate grains (crystals) ; we may also obtain, for any substance, 
precipitate forms such as curdy, flaky, and the like; but with regard to the 
changes in the contours and the internal structure of the grains, the influence 
of the value of the magnitude (Q—L) is confined to the kind of symmetry 
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characteristic of the substance, and to whether its crystalline complexes are 
positive or negative ones. 

In order to make ourselves a clear idea as to the compass and the contents 
of the “Law of Corresponding States for the Crystallization Process,’ the 
understanding is very essential, of the true meaning of the restriction we just 
introduced into the “qualitative” formulation of the above law, by taking 
into account the crystallographic structure of the substances undergoing 
precipitation. 

4 By bringing the solution to crystallize out when in very thin layers, ¢.g., 
when pressed between two plane glass-slides, we may obtain “flat” crystals, 
“flat” figures of growth, and so on, for every substance. 

In the above, and in similar cases, just as in all preceding cases of crystal- 
_ lization, with corresponding values of (Q—L) we obtain identical results. 

It also deserves being mentioned here that, for the existence of the “Law 
of Corresponding States for the Crystallization Process,’ it is immaterial, 
whether the precipitation curves are exactly such hyperbolic curves as are 
expressed by the general equation: 


Gm. (OL) = const:; 


or whether they are only curves, of which the end-branches are hyperbolic 
curves.* 

It is not difficult indeed, to understand that it is only essential for the 
existence of the law of corresponding states for the crystallization process, 
that the precipitation curve of every substance should cover the whole range 
of crystal dimensions between zero and + ©. 

Both theoretically and practically, the problem is a very interesting and 
very important one, to find such factors or such a factor implied in the crystal- 
lization process, of which the mere equality of values for all solid substances, 
irrespective of their chemical composition, would permit us to obtain, after 
the complete end of the crystallization process, precipitates altogether identical 
with regard to the mean magnitude (Gm) of the crystals these precipitates are 
made of. 

The solution of this problem depends on our solving another question— 
the question as to what quantities play the parts of crystallization resistance 
and crystallization pressure in the formula for W: 


crystallization pressure 
’ crystallization resistance” 


W=k 

Were we to consider the first period of crystallization simply as vectorial 
condensation of the molecules to extremely minute vectorial complexes (super- 
ultramicrocrystals or extremely small ultramicrocrystals ), we could only arrive, 
in my opinion, by theoretical reasoning, at the extremely simple expression 


for W: 
QO—L 
iL. 9 
where (Q —L) and L have the same significations as explained above, and 


k; is a constant which, in a general way, is not the same for substances of a 
different chemical composition, of a different molecular weight, and so on, 


*It certainly depends on the kind of the equation of the curve, whether the mathematical 
formula of this law will be a simple or a complicated one. 


Wn = Vea 
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But the first period of crystallization consists not simply in the vectorial 
condensation of molecules, this condensation being- rendered complicated by 
other processes, ¢.g., by the desolvation process of the molecules. 

And generally, there are numerous factors which may actually affect the 
crystallization process (e.g., in precipitations brought about by chemical re- 
actions in solutions) as (Q—L) progressively increases; our cause might 
thus be considered as theoretically hopeless, were it not possible to assume 
that all these factors are influencing the crystallization process in the same 
sense as does the increase or the diminution of the value of (Q —L)/L. 

Under this latter assumption, however, we need but introduce into the 
ideal formula (W;) for W, a certain variable multiplicator : 


ESI. [2s]. 


ig 
Ak se oe ee (eae) Sie 
Kk. [2=]" (IIT) 


where K is a constant which holds for all substances, and for all cases of 
precipitation of these substances, since all the differences, in chemical com- 
position, in the molecular weight, and the like, will now receive due con- 
sideration by the factor kj. 

The following cases will of course be especially simple cases of crystal- 
lization: the case of precipitation of a substance of the same chemical com- 
position from three (or more) solvents (the corresponding solubilities of this 
substance in the three solvents are L,, L. and L;); and the very simplest case 
willebexthé, one: when s..ka) Ssueyeh——= ae ee for all cases to 
be compared with each other and: m = O, in the formula for J. 

It is clear that, if the precipitation curves from all three solvents are 
expressed by the equations: 


Gm» (OQ Ey a Rey 
Cr (OL. y= oe 
Gn. (Q—Ls) =¥I1,;{ 


we shall have, for equal values of G»: 
Q—I, Q—L1, _Q—T, 


Thee ue eb hs 
and, taking the ratio: (Q — L)/L for a variable: 


Onae ae 
[2=4]. conv. 


That is to say, the equilateral hyperbola with the codrdinates Gan 
(Q—L)/L is, in this simplest case, the curve which, all at once, gives ex- 
pression to the results obtained in precipitation from either of the three (or 
more) solvents. 

It is not difficult to understand that, were the precipitation curves expressed 
ty less simple equations: 
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Gm : (OQ —L,)" = Redes: 
Cree (OQ a 13)” —— 1 ee ) 
Ga Or Ls) kL a 


the hyperbolic curve: 


would be the common expression of the results obtained in precipitation from 
either of the three (or more) solvents. 
The most complicated * of the theoretically idealized cases is obviously 
the case when the equations of the precipitation curves are different in all 
three (or more) cases under consideration: 


ane (Q—L,) an 19 bs 
Gye. (Q—L.2)? = kL? ; 
Crs (Ona) = 2h: 


In order to unite all kinds of precipitation results under one single hyper- 
bolic curve, in a special case—an equilateral hyperbola—it is necessary to carry 
out a substitution of variables, viz., to introduce the variable quantity : 


vas, [25], 


and then, all cases of precipitation may be expressed by the curve of the 


equation: 
Gia == const: 


If we compare the expression for N with the expression (III) for W we 
shall easily understand that, for the theoretically idealized cases, the assump- 
tion is made that, with equal initial values of WV, the results of the crystalliza- 
tion process, with regard to the values of the magnitude Gm, are the same. 

It should be well understood that the value of J in the variable N may 
vary, dependent on the precipitation conditions, from unity (J =1) up to: 


Pr JE. m 

ee cereal 
where m may be either zero, or unity, or, generally, any integer positive number. 
We thus come to see that the initial value of W is of paramount impor- 
tance for obtaining equal results in crystallization, and that whenever these 
values are equal, the values of G», will also be equal for precipitates in differ- 

ent cases of precipitation. 

No less important are the values of V (II), whenever the question arises 
as to the time intervals necessary for obtaining the above equal results in 


crystallization. 
*T do not class with the theoretically idealized cases the case, which is certainly quite con- 
ceivable mathematically, when: ; 
(Q—L)m 


with the treatment of the real cases of 


where m is not equal to m’; see also later, in connection 
precipitation, 
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For the sake of brevity, I shall confine myself to the treatment of the 
simplest of theoretically idealized cases, when the precipitation curves (see 
Fig. 1) are expressed by the equations : 


Gm 5 (Q—L;) — | 3G Be 
Gm. (Q—L,) mk dae 
Gin. (Q—Lsz) a= PAs: 


In order to make ourselves a certain idea as to the mutual dependence be- 
tween the numbers of crystalline germs (z) spontancously arising in unit 
volume of the solutions and the magnitudes: Q — L and L, we must go far- 
ther somewhat in our theoretical idealization of the precipitation processes. 

Namely, we must assume that, in the precipitate obtained with a given 
value of (Q —L), all crystals are equal, 7.¢e., that: Gm = (Q — L)/z, where 
(Q—L) certainly signifies the amount of substance separated from unit 
volume. 

Under this idealization, we have: 


Ga LG = layieseeey 


a ‘gop Regie 


_(Q—L)L_ 1 Q—L 
ie pe Lice eT ape tae 
that is to say, with constant values of (Q—L), te. with: Q—L,= 
O—L,= Q—Lz, the number of the crystalline nuclei bears inverse ratio 
to L; 1.e., the smaller L the greater will be z, and the smaller Gy». 

Therefore, for the precipitation curves in Fig. 1, we have: 


TAs Le 


The distances between each other of these curves will be greater the greater 
the difference in solubilities. 

If instead of (Q—L) we take for the variable the ratio (Q —L)/L, 
we shall have, for all cases of precipitation which we are now examining, one 
single curve: 


2 


Oe ie by 
iL Cake 
and with: 
QO: ee On 
Lil -< ee ee 
zg=const. (Q—L), 


i.e., the number of spontaneously arising germs (e.g., for the points: B,, Bo, 
B;, ... , which belong to the same straight line, parallel to the horizontal 
coordinate axis) will be greatest in that particular case of precipitation, where, 
for the maintenance of the equality of the ratios: (Q —L)/L, the values of 
(Q—L) is greatest. 

Since, however, with equal values of the above ratio, we have, for instance: 


C= ies 
Q—E, 7 1,’ 
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it follows that the number of spontaneously arising germs will be greater, 
wherever the solubility of the substance is greater; and if: 

rT, : Z 

— = 10, then there will be also: — = 10. 
Vo Bo 


Since the diffusion velocity is: 
V =const. (C—L), 


it will be clear that, supposing the values of “const.” to be equal, the diffusion 
velocity will, for the case Ly, be ten times smaller, and the period of time 
necessary for crystallization to reach its end will correspondingly be longer.® 

It is clear, therefore (see Fig. 1), that if, owing to the exceedingly small 
solubility of the substance, the precipitation curve has its larger portion lying 
within the ultramicroscopic domain, the preparation by precipitation of large 
crystals is only possible after the lapse of exceedingly great lengths of time, 
and under the application of uncommonly large volumes of the solutions, 
since with the volumes usually dealt with (e.g., one litre), (Q —L) is far too 
insignificant for obtaining crystals of appreciable dimensions. 

Unfortunately, the lack of understanding of the correlations which here 
prevail is still inducing experimentalists to make fallacious inferences. 

In an earlier place, I have already spoken of the fallaciousness of the 
“amorphy” doctrine which arose as a result of a similar misconception. 

Let us revert once again to the precipitation curves in Fig. 1, to point 
out (this is quite clear from the above formula for WW) that the higher the 
position occupied by these curves, the smaller is the value of W, with equal 
(Q—L); «e., if this latter equality is maintained, we shall have: 


Wir< We<W3< Oy pot eo dion 2 A 


We have earlier treated the simplest of the theoretically idealized cases, 
viz., the case of the precipitation of the same substance from different sol- 
vents—under the tacit assumption that the energy by which the molecules 
of this substance are retained by the solvent is directly dependent on the 
solubilities. ; ae 2 

The tendency toward spontaneous crystalline germ formation is certainly 
greater, the greater (Q — L), and the smaller L, other conditions being equal. 

For substances, however, which are of a different chemical composition, 
cases are thinkable when, with equal values Lz = Ly, the energies of retention 
of their molecules by the solvent will not be equal; an inequality of that kind 
is also thinkable, whenever the solubilities of the same substance in solvents 
which differ from each other in their chemical nature, approach each other. 

Apart from this, in the case of substances of chemically composite nature, 
of which the molecules are voluminous, it is already sufficient that but a few 
(as compared with the case of chemically simple substances ) such molecules 
should unite, in order to form a so-called “physical” boundary surface between 
the solvent and the substance separating therefrom, 1.e., in order to form a 
crystalline germ. 
ora gives rise to such conditions, for the molecules loosely held by 
the solvent, of chemically composite substances (which, however, are still 
relatively well soluble over a certain temperature range), under which, even 
with not large (Q—L), W becomes large; that is to say, very many in- 


visible crystalline germs will arise; at the same time ” (the diffusion velocity 
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of growth of the germs) will be quite insignificant owing to the smallness of 
the diffusion coefficient ; any attempt made to increase V by raising (Q —L) 
would, in such cases, bring about further increase in number of the invisible 
crystalline germs. 

In later parts of the present paper these cases will be treated at some- 
what greater length, because of their importance for the understanding of the 
gelatinization process of the so-called reversible colloids such as gelatin, agar, 
and the like. If in the present connection attention has been called to them, 
this has merely been done to point out once again the influence exerted on 
the tendency toward spontaneous crystalline germ formation, by variables 
other than (Q —L) and L. 

It is hardly possible, and still less necessary, to give here a detailed treat- 
ment to all the variables which are likely to affect the spontaneous crystalliza- 
tion process. 

As pointed out above, all these variables can most easily be classed in two 
groups according to the influence they exert on spontaneous crystallization ; 
one of these groups would exert exactly the same action on spontaneous 
crystallization as would exert a simple increase of (Q—L), or a simple 
reduction of L; the second group would produce the same effect as would a 
simple reduction of (Q—L) or a simple increase of L; that is to say, the 
influence of these variables receives due consideration, being comprised in 
the above mentioned variable multiplicator J. 

If viewed from theoretical aspects, there is another essential question 
demanding immediate decision—a question concerning the results obtained in 
precipitation of solid substances from solutions. 

It would be interesting, indeed, to answer the question: what are the 
precipitation conditions under which the same average number of crystals of 
the same mean magnitude (Gm) (in gram-molecules) will form in unit volume 
for any given substance? 

This can be realized in two distinct cases: 

The first case will be the one, when we succeed discovering such solvents 
for two chemically different substances, X and Y, that, during crystallization 
from these solvents, at whatever moment of the processes, we should have: 


WoW arand Vy Vy 


For obtaining such equal velocities it is necessary that, by changing the 
temperature, we should be able to secure, for the substances X and Y, an equal 
diffusion coefficient. 

The second case—which is the most interesting for the theory of the col- 
loid state—takes place with especially high values of WV” when namely the 
crystallization process is practically almost wholly completed during the first 
stage of crystallization. 

If, to simplify our reasoning, we assume: J, = J,, it will then be neces- 
sary, for obtaining the results desired, that in the first instance: 

Qo—Le ae, Quze Ly 
y tae ey vee 
the values of these ratios being extremely large; as, however, our possibilities 
are rather limited in preparing high Q (respectively—extremely high concen- 
trations of the reacting solutions), the only way to follow would be select- 
ing for our substances such solvents, in which the solubilities L, and Ly, would 
be exceedingly small. 


THEORY OF THE COLLOID STATE OF MATTER 49 


If the Le and Ly selected are really vanishingly small—and equal,* then 
if, for instance, we carry out the synthesis of the substances: ¥ = A +B= 
AB, and Y=C+D=CD, through mixing together equal volumes of re- 
acting solutions of the substances: A, B, C, and D, of the same—exceedingly 
small—gram-molecular concentration, we must obtain, practically instantane- 
ously, such suspensions (respectively—such colloid solutions) of very minute 
crystals of substances X and Y as would contain in unit volume the same 
average number of crystals of the same mean magnitude. 

It goes without saying that, in order to establish this average number of 

_ crystals, we shall have to carry out a sufficiently large number of experiments, 
using the same concentration of the reacting solutions, and that only then 
this average number of crystals present in unit volume of the suspension 
(colloid solution) under investigation will be proportional (by no means equal) 
to the number of molecules (Avogadro's Number) present, under the same 
conditions, in unit volume of a true solution of the same gram-molecular con- 
centration as that of the suspension (colloid solution) under investigation. 

In other words, with the equality : 


Q,—L tes, Q.—L, bn Q,;—L; ou ms On—Ln 


jie IB. Jog : : ; Le a 


which is reached with equal and vanishingly small L. (L,=L,=L,=. 
= L,) and with sufficiently small ¢ concentrations [ (Q, 


P)=(0;—L)= 


@LAlb, 
ine, 2 


O,—L;,)=...=(Qn—Ln)], we shall obtain suspensions (respectively— 
colloid solutions) of crystals, of which the mean magnitude (in gram-mole- 
cules) and the average number present in unit volume will be the same for 
all substances, and the latter proportional to the so-called Avogadro’s constant. 

Let us now raise another question—the question as to the general form 
of the precipitation curves antecedent to the completion of the crystallization 
process. 


*Jt is self-evident that, since we assumed: J, —Jy, all other conditions of precipitation must 


also be equal. : Sie mee a ei : 2 - 
+ With larger concentrations, the suspensions in real cases would prove unstable, unless addi 


tional conditions are fulfilled. 
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The precipitation curves drawn in Fig. 1 are those corresponding to the 
values of (Q—L) after the end of the crystallization processes, 

Of what general form * will be the precipitation curves, if the precipita- 
tion process is partially as yet incomplete? 

This question is answered by the schematic curves in Fig. 2 and in Fig. 3. 

Let (Fig. 2) the portions: AB, ABCt,, ABCDta, of the precipitation 
curve 4A,, be those corresponding to the time intervals: ty, te, and ta, as cal- 
culated, e.g., from the moment of mixing together the reacting solutions ; 
and let: 

ta>te>to. 


During the interval f, the crystallization process has only completed itself 
for the portion AB of the precipitation curve 4A,, but it is as yet incom- 
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pleted in that portion of the curve which is higher than the point B; toward 
the end of the interval t the precipitation curve will accordingly have the 
form of curve t)BA. 

Quite similarly, at the end of the intervals ¢, and tg, the precipitation curves 
will be expressed by the curves t,CA and tgDA correspondingly. 

Since, with (Q—L) approaching zero, W and V will equally approach 
zero, it becomes evident that a complete precipitation curve is only obtain- 
able, as hyperbolic curve, with infinitely small (Q—L), if t, = 

And herefrom it follows: 1. Precipitation curves do fit into hyperbolic 
equations within those ranges only of (Q—L) values, for which crystal- 
ligation is altogether completed. 2. A complete hyperbolic precipitation curve 
can only be realized after the lapse of time ty = w. 3. All incomplete pre- 
cipitation curves possess a maximum im their left parts, which shifts upwards 
and to the left as ty increases. 

At the zero moment, 7.e., the moment immediately following the pouring 
together of the reacting solutions (see Fig. 3), the particle (molecule) size 
in the supersaturated solutions will either be equal (the straight line aa) or, 


* The equations of the curves of this kind are more conveniently treated in Section C of the 
present paper. 
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if we admit an association of molecules in proportion to concentration to take 
place, it will increase in proportion to the increase of (Q —L) (the straight 
line aa’). 

_ Then, after some time, crystallization begins; it first results in the pre- 
cipitation curve Bb with a maximum, and subsequently, as soon as, for this 
range of (Q—L) values, crystallization will be altogether completed—into 
the curve BB’ which already represents a portion of a hyperbolic curve of 
the general equation: Gm. (Q—L)" = const. 

With this, I conclude my discussion of the fundamental precipitation laws 
tor theoretically idealized cases, and shall now proceed to the consideration 
of the fundamental precipitation laws for actual real cases. 


C. The Fundamental Precipitation Laws for Real Cases. 


When proceeding from theoretically idealized to real cases of precipita- 
tion, it should be noted first, that the fundamental precipitation laws as de- 
duced for the cases mentioned first, will play the rdle of so-called limiting 
laws for the latter, 1.e., the real cases. 

This is an inference which follows from the fact that the real precipita- 
tion curves with the coordinates: G» and (Q—L) (for particulars: see be- 
low) fit into the general equation of the type: 


Gm. (Q—L)" = const. 


with only a certain degree of approximation; a more exact analysis of the 
real precipitation curves proves that they are not exactly hyperbolic curves, 
but curves with hyperbolic branches, 1.e., curves, of which both the right-side 
and the left-side branches may be expressed with sufficient exactitude by 
the hyperbolic equation: [Gm.(Q—L)"=const.], and this not infrequently 
with different values of the constants for each branch. 

For this very reason it occurs that, e.g., the law of corresponding states 
for the crystallization process, while remaining, in its essence, wholly applicable 
to all real cases, forsakes in some of these cases, the simplicity of its mathe- 
matical expression. 

It should further be noted that the velocity W”/—1.e., the one prevailing 
during the first period of crystallization—is found to defy practical measure- 
ment; so, at least, it happens to be the case as matters actually stand with re- 
gard to our technical achievements, and to the available methods of measure- 
ment and observation. 

As regards the velocity V—i.e., the velocity during the second stage of the 
crystallization process—it may easily be measured in many a case of pre- 
cipitation. . é 

In no small a number of cases, however—and these are especially inter- 
esting to the synthesis of colloid systems—when this velocity proves also, 
either wholly insusceptible of measurement, or it may only be measured with 
the greatest difficulty. 

This is why, in due time, I suggested the introduction, for studying real 
cases of precipitation, of a special coefficient N which I called the “precipitate 
form coefficient” or the “dispersity coefficient.” 

The expression of this coefficient is: 

Je 16 
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where Q —L is the amount of substance which must be deposited out from 
solution ; in some cases it represents the initial supersaturation; L is the ordi- 
nary solubility of the substance, and J—an individual variable multiplicator, 
which is characteristic of the given precipitation process; J has here the same 
meaning as that in the formula for W discussed earlier in Section B. 

For real cases, however, the assumption is made that, in the formula: 


m’ may as well not be equal to m; and besides, that both m and m’ may not 
only be integer numbers greater than zero, but may also be fractional numbers 
greater than zero. 

These assumptions will appear quite comprehensible to us, if we take into 
consideration that no experiment of ours, that was carried out under real 
conditions, could ever raise claims to be of an absolute exactitude. 

Suppose now that we are given any reaction whatever for the preparation 
of some substance,* e.g., the reaction: 


AC + BD = AB + BC. 
Y 


Let this reaction be realized in some definite liquid media: e.g., in water 
and in mixtures of water and ethyl alcohol. 

Let us assume the solubility of substance AB to be greater in pure water 
than, e.g., in 50 per cent alcohol; and the solubility of the same substance in 
this latter liquid, to be greater than it is, ¢e.g., in 85 per cent alcohol. 

And now, let us prepare a series of reacting solutions (in terms of nor- 
mal concentrations), pour them together (equal volumes of each of the two 
reacting solutions at one stroke), and then study the structure, and the changes 
in structure with lapse of time, of the resulting precipitates. 

The greater the dilution of the reacting solutions, the greater (see Sec- 
tion A) must be the volumes taken for mixing them together; but, as a rule, 
there must always be one volume of one reacting solution poured into one 
volume of the other reacting solution. 

If, on a “conventional” scale, we plot as abscissae the concentrations of 
the reacting solutions [and not the (Q—L)], and as ordinates the lengths 
[and not the weights in gram-molecules of the crystals| of the largest f 
crystals (by no means of the aggregates of crystals) present in each precipi- 
tate, as measured at definite intervals from the moment of mixing together 
the reacting solutions, we shall obtain the diagram given in Fig. 4. 

The group of curves I will, e.g., correspond to precipitation from purely 
aqueous reacting solutions; the group of curves II, to the case when reacting 
solutions in 50 per cent alcohol were applied for the precipitation of the sub- 
stance AB; and the group of curves III, to precipitation from reacting solu- 
tions in 85 per cent alcohol. 

From Fig. 4, what we realize first is that, as the solubility of the substance 
AB diminishes, the above groups of curves shift downward and to the left; 
that is to say, the group of curves I is located higher up and more to the right 


*E.g., for the case of BaSO,: Ba(OH)s + H2SO, = BaSO, + HO; Bal, + MnSO, = BaSO, + 
MnlI»; and so on. 

7 The “general character’ of the precipitation curves will obviously remain unchanged if we 
substitute for Gm the length of the largest crystals of the precipitate; and it is certainly practically 
easier to measure this latter (7.e., the length) than to determine Gm. See reference 25. 
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against the two other groups of curves; and the group of curves III is found 
lower down and on the left side of the groups of curves I and II. 

Fig. 4 tells us further that each group of curves contains curves with maxi- 
mum, as well as curves without maximum. 

The first curve with a maximum, e.g., that with the sign tg’ belonging to 
the group of curves I, corresponds to the end of a very short period of time 
elapsed from the moment of mixing together the reacting solutions (some 
10-30 minutes )—just the time necessary for taking a sample, for microscopic 
investigation, of the precipitate, which had practically instantaneously arisen on 
mixing together the relatively concentrated reacting solutions. 
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After the lapse of time ft)’ > ta’, the magnitude of the precipitate grains 
will have already increased somewhat, as compared with the size attained 
toward the end of the period t,’ ; and besides, there will already be precipitates 
present in the reacting mixtures of lower concentrations as well, which were 
able to appear toward the end of the period t¢,’ ; the precipitation curve with the 
sign ty’ will therefore go somewhat farther in the leftward direction than did 
the curve with the sign ty’. 

At the same time, the maxima are displaced to the left, while the curves 
move up. 

And after the lapse of the interval t,’, the precipitation curve will have no 
maximum * at all. 

After the lapse of time t,’ > t,’ the precipitation curve will already assume 
the position of the curve with the sign ¢,’. 

The displacement of the precipitation curves is produced by three kinds 
of processes: (1) direct growth of crystals at the expense of the molecularly- 
dissolved substance; (2) re-crystallization; (3) aggregation crystallization. 

For theoretically idealized cases, we had assumed the two latter processes 
as non-existing ; hence it follows that (compare Fig. 2), in real precipitation, 
we may only approach the theoretically idealized cases whenever the velocities 
of these two latter processes are extremely small. : 

For instance, if in our mind we bring to coincide with each other the right- 
side branches of the curves: ty’, fo’, tp’ and te’, we shall obtain something that 
is near to Fig. 2; while it is worth noting that the abscisse in Fig. 4 are con- 
centrations of the reacting solutions, and not the (Q—L) as was the case 
in Fig. 2; and the ordinates are crystal lengths, and not the values Gm. 

In all the real cases of precipitation, the processes of re-crystallization and 
of aggregation crystallization are always taking place; accordingly, the pre- 
cipitation curves will always be displaced, even after the end of direct crystal- 
lization, though sometimes very slowly. 

The necessity of the re-crystallization process is to be recognized, apart 
from weighty theoretical considerations, on the ground that evidence has been 
afforded by G. A. Hulett’s + experiments—experiments which are of para- 
mount importance for the kinetics of formation and of disappearance of phases 
—of the solubility being greater of the smaller crystalline grains. 

As regards the aggregation-crystallization process—a process which asserts 
itself with especial sharpness whenever very small (ultramicroscopic and super- 
ultramicroscopic) crystals come into touch with each other—its occurrence in 
real cases of precipitation has also been proved experimentally. 

What then is the limit all precipitates strive to attain in the course of time? 
That is to say, as time tends to become “©? 

If, as a matter of agreement (see Section A), the same gram-molecular 
amount of precipitates of the substance AB is to be present, as result of pre- 
cipitation, at the bottom of all vessels, whatever the concentrations of the 
reacting solutions used, then, for all three groups of curves, the limiting will 
be almost { a straight line—AD—parallel to the axis of concentrations (see 
Fig. 4). 


* Only practically: in reality, there is still a maximum which only lies still farther to the left 
(concerning this question, see later). 

+ See Hulett’s paper on this subject, this volume. J. A. 

t Owing to re-crystallization (and to aggregation-crystallization, so far as very small crystals 
are concerned), the displacement of the precipitation curves can no sooner come to a standstill, 
than the whole amount of substance precipitated in each vessel has re-crystallized, so as to form 
one single crystal. If the reaction of preparation of the substance AB was some reaction of synthesis 
(i.e, A + B= AB), all precipitates will then be present in a pure liquid, and all crystals arising 
therefrom, as ultimate limit of re-crystallization, will consequently be quite identical; and the limiting 
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Though the same straight line serves as a limit to all three groups of 
precipitation curves, the periods of time are far from being the same, which 
are necessary for each of the groups we are now investigating, to approach 
this limiting state to an equal extent; and if: 


: Ls < L, < TA 
then: 
ELimi} )| te > tim. i; 


~which means that the shortest period will be the one corresponding to the case 
of the substance AB being present in the liquid medium, in which its solu- 
bility is greatest, other conditions (i.e., for instance, with regard to diffusion, 
and the like) being equal. 

It must at once, and most emphatically, be pointed out that the above 
periods: trim. tw, tlim. are of such a length that the limiting state can never be 
reached practically. 

In view of the fact that, whatever the concentrations of the reacting solu- 
tions, crystallization commences, of course, with particles of molecular dimen- 
sions, the first precipitation curve (the one corresponding to the beginning of 
the first moment of the crystallization process) will also be almost a straight 
line coinciding (when plotted on the “conventional” scale we have adopted in 
Fig. 4) with the axis of the concentrations. 

It thus happens that all the precipitation curves with the codrdinates: 
“crystal length, concentration of the reacting solutions,” while moving and 
undergoing deformations in the course of time, are contained between two 
straight lines as correspond to the times: 


hiniiay ONG theniines 


It is not difficult to understand (see Fig. 5) that our subdividing the pre- 
cipitation curves into curves with a maximum and curves without a maximum 
rests merely with the practical difficulties entailed by awaiting crystals to 
appear spontaneously from slightly supersaturated—which therefore keep 
supersaturated for very much time—solutions. 

In Fig. 5, the domain of such slight supersaturations (Q — L) is marked 
on the axis of abscisse by I; the mark III corresponds to supersaturations 
with which the spontaneous apparition of crystalline germs is imstantaneous 
(Q — L—relatively large); and II marks the domain of the intermediate 
supersaturations, for which it is practically not difficult to await spontaneous 

iti f crystalline germs. 
eae eat M the Gees in Fig. 5 which are on the right of the vertical 
line Kn the practical discrimination between precipitation curves with a maxi- 
mum and without a maximum will become comprehensible to us; if, on the 
other hand, we look at the curves in Fig. 5 “en bloc,’ we shall at once see 
that, in reality, the maxima are only moving leftward, to the end of the pre- 
cipitation curves, while corresponding to concentration domains, which gradu- 
ally become narrower and narrower, of the solutions applied for the reactions. 
Let us now turn again to the three groups of curves given in Fig. 4. 


igidly straight and parallel to the axis of concentrations. But if the 
reaction of preparation BE neanee “1B was some reaction of double cepa bosipion (AC + BD = 
B BC), there will be a second reaction product (BC) present in the mot oe nee ia pare 
aa ion: and this will affect the habit (accordingly also the crystal length) of the crystals 
once arlon esult of re-crystallization (in this case, there will certainly be also but one single 
Dhaai f the featbe gram-molecular weight present in each vessel, after, the complete termination 
ene epyataliization process); for this very reason, the limiting curve is, in these cases, but an 


almost straight line. 


line will, in this case, 
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Thus far, we have considered these groups as belonging to the same sub- 
stance when placed under different conditions of precipitation—with different 
solubilities. 

Quite in agreement with my experiments, however, we may also regard 
these groups of curves as belonging to three different substances: X, Y, and 
Z, with the solubilities: L,, L. and Lz. 

In this case, owing to the difference in density of the substances consti- 
tuting the precipitates, the limiting curves with the codrdinates: “crystal length, 
concentration of the reacting solutions” will, of course, no longer be able to 
coincide with each other ; each curve will therefore have a position of its own: 
say CD—for the group of curves 1; EF—for the group of curves IT; and A’D’ 
—for the group of curves III. 


See Nes Bee Se ~~ 


janes Sh, 


It was entirely deliberately that I abstained from giving any fixed scale 
in the scheme in Fig. 4, for either the concentration or the crystal length axes. 

I insist repeating as strongly as I can that I did it intentionally, and pre- 
cisely for the very distinct reason that the general precipitation laws given 
expression by this scheme, will apply to substances of any solubility, and quite 
irrespective of whether the precipitate crystals of these substances can be de- 
scried with the naked eye, with the microscope, or with the ultramicroscope. 

But it is very important for the synthesis of colloid systems, for the clear- 
ing of the “mystery” of which Thomas Graham spoke (loc. cit.) about the 
transition from the “world of colloids” to the “world of crystalloids” and 
vice versa, that the scheme in Fig. 4 be given on some fixed scale, though 
plotted along the coordinate axes in a “conventional” manner.* 


*When using the proper manner of plotting, it is impossible to make the drawi ici 
eae ee d = ’ awin 1 is 
this is why a “‘conventional’’ scale had to be adopted for the figures. Precipitation ciaeecitd 
on non-conventional scale will be given later, 
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And this is what I did in Fig. 6.* (1 ask the reader to pay no attention, 
for the present, to the curve Ct.D.) 

In the scheme Fig. 6 the abscissz are concentrations of the reacting solu- 
tions, the coordinate center being taken not in zero concentration, but in the 
point corresponding to the concentration N/10'* (normal concentration 
divided by ten in the twelfth power) ; along the ordinate axis the dimensions 
are plotted corresponding first to the superultramicroscopic (the coordinate 
center being taken about half-way between the extremes of the domain), then 


*In order to simplify the scheme, all sets of curves without a maximum have been omitted 
except for the case of precipitation which corresponds to li. 
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to the ultramicroscopic, the microscopic, and finally, to the macroscopic 
domains. 

In order to treat the precipitation curves in Fig. 6 on the base of a thorough 
understanding, it must be made clear, in what manner L in the formula of the 
dispersity coefficient : 

O—L 


is 


varies, as the concentrations of the reacting solutions prepared in some definite 
liquid undergo progressive increase. 
Suppose we are given two reactions, e.g., of the preparation of BaSO,: 


Bal, + MnSO, = BaSO, + Mnl., and 
y 
Ba(OH), + H.SO, = BaSO, + H20; 
y . 
let both reactions be realized under application of aqueous reacting solutions. 
In the case of the second reaction, the second reaction product is water ; 


we therefore might expect that, on changing the concentration of the reacting 
solutions, Q would be alone to change in the formula: 


Masta 


N=J. aa 
while L would remain constant during precipitation. 

But it is not so. The fact of the matter is that, even in this apparently very 
simple case, L happens to be a quantity that “oscillates” about a certain medium 
value which corresponds to the solubility of large crystals of BaSO, in pure 
water. 

However momentary the reaction of the formation of BaSO, may appear 
to us, it certainly requires, for its consummation, some definite amount of 
time, if ever so small; as to the time necessary for mixing together the react- 
ing solutions, it can certainly by no means be classed as momentary. 

And therefore, if e.g., some definite volume of H,SO, reacting solution 
is poured into an equal volume of Ba(OH), reacting solution, the BaSO, 
will separate out, during the first period of its formation, in the presence of a 
certain excess of Ba(OH), molecules; * if the reacting solutions are poured 
together in the reverse order, there will be, for some time, an excess of H.SO, 
molecules. 

These quantities present in excess (of barium hydroxide or of sulphuric 
acid) are varying as the concentrations vary of the reacting solutions, and the 
effect they produce on the solubility L will be different*® for different con- 
centrations. 

Apart from this, heat is externated during the course of the reaction and 
during crystallization, which produces a change in temperature of the solution, 
and consequently makes also for an oscillation of the value of the solubility L. 

In cases of reactions such as e.g.: BaJ,-+ MnSO,= BaSO, + Mnl, the 


second reaction product (in the reaction quoted—MnI,) will also affect the 
solubility L. 


* Or ions—to use the language of the ion theory. 
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_ Earlier in the text, I have already spoken on the influence exerted on solu- 
bility by the magnitude of crystals. 

All the above enumerated decreases (or increases) of the solubility L de- 
pend, either directly or inversely, on the concentration of the reacting (re- 
spectively—of those formed after the completion of the reaction) solutions, 
and all of them receive consideration in the variable multiplicator J. 

_ In some cases of the precipitation processes, the oscillations of L are in- 
significant ; but in other cases, they may not only be noticeable, but even quite 
considerable. 

It would generally be well to know two values of L during the course of 
the precipitation process, viz:—the value Ly», which corresponds to the moment 
of the spontaneous formation of crystalline germs, and L,—the value after 
‘the termination of the reaction, i.e., the solubility in presence of a second reac- 
tion product. 

The value L, is the one determining the velocity of the re-crystallization 
process, and generally, any changes in magnitude of crystals of a precipitate, 
while the precipitate is kept stored under the mother liquor. 

The values of Ly can easily be determined experimentally ; but the deter- 
mination of the values of Ly» is not so easy, for it implies the necessity of 
carrying out a systematic investigation on the effect produced on the crystal 
dimensions by different quantities of the reaction components present in excess. 

Ly» being the solubility of the substance during the first stage of crystalliza- 
tion, is very important inasmuch as it influences the structure of the precipitate 
in the initial period of its existence. 

From what has just been stated concerning the oscillations, both dur- 
ing and after the process of precipitation, of the values of L—oscillations 
which, at that, would vary dependent on the concenirations of the reacting 
solutions, it will clearly be seen that, we may only expect our theoretical deduc- 
tions, from their quantitative side, to be confirmed by experience—L being 
understood to signify, in the formula of N, the solubility of large crystals in 
pure solvents—if we are dealing with such cases of precipitation, in which 
the above oscillations obey, for different solvents and different substances, to 
the same quantitative laws. 

If we succeed in discovering (see below) real cases of the above kind, 
this will be—open and explicit—a really splendid confirmation of the correct- 
ness of the foundations of the theory presented in Section B. 

In the course of further discussion, let it be accepted that, in the formula 
of N, the letter L is to designate the ordinary solubility of large crystals in a 
given pure solvent; while also accepting that, throughout the whole set of ex- 
periments, the oscillations of L with increasing concentration of the reacting 
solutions, take place within such limits that, notwithstanding these oscillations, 


the values of: 


wg rer” 
Nea Ue ‘2 


will still increase progressively, as the concentration progresswely increases 


of the reacting solutions. 
I describe such cases of precipitation of substances as normal cases, to dis- 


tinguish them from other cases of precipitation when, with the progressive 
increase of the concentration of the reacting solutions, N will now decrease, 
now increase, and now remain constant. 
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These latter cases of precipitation of substances are to be designated as 
abnormal cases. 

For all normal cases, the precipitation curves are those given in Fig. 6. 

For abnormal cases—dependent on how the value of N changes on chang- 
ing the concentration of the reacting solutions—e.g., one of the precipitation 
curves (II, III, a, b, IV) shown in scheme Fig. 7 may take place. (The 
curve with the signs I, I, I, represents the precipitation curve with a maximum, 
which corresponds to the normal case of precipitation. ) 

In my further discussions, I shall confine myself to a more detailed analysis 
of only the normal cases. 

Let us get a deeper insight into the scheme in Fig. 6, which I called the 
scheme revealing the “mystery” about the transition of any substance from 
the “world of colloids” to the “world of crystalloids” and vice versa, and let 
us try to see what it tells us. 

First of all—and this is all-important for the theory of the colloid state— 


the scheme tells us this much: if we bring any typical “crystalloid” desired 


Ibitel, 7. 


under suitable conditions of precipitation, this “crystalloid” will turn out a 
typical “colloid,” because, under these conditions, practically the whole of its 
Laie curve will lie in the ultramicroscopic domain (e.g., the curve 
by gly , 

_Reverse transition, 7.¢., transition from “colloid” to “crystalloid,” is also 
quite possible as the scheme in Fig. 6 indicates ; because, under appropriate con- 
ditions of precipitation, the precipitation curves already lie, practically wholly 
within the microscopic, or even the macroscopic domain. 

If for a substance whose molecules are not excessively complex, we 
assume the values of J in the coefficient NV to be practically equal for this. sub- 
stance precipitating from different media, then the transition will be regulated 
by the value of the magnitude L, the crystal dimensions being smaller, the 
smaller this value, with equal values of Q —L =P, ; 

In Fig. 6: L; = about 10° gram-molecules per one litre; L, = about 10-8 
gram-molecules per one litre; and Lz; < 10” gram-molecules per one litre 

The curve L, corresponds, eé.g., to precipitation of BaSO, from aqueous 
reacting solutions, whereas the curves L. and L,—from alcoholic-aqueous 
solutions; with an alcohol content exceeding 40 per cent, the precipitation 
curves for BaSO, are already, in their largest parts, in the ultramicroscopic 


——— 
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domain, being located the lower and the more to the left, the greater the 
alcohol contents (e.g., 75 per cent, 85 per cent) of the mixtures.* 

Conforming to its position in the ultramicroscopic domain, the curve L, 
corresponds also to the precipitation curves for the hydroxide of aluminium— 
from aqueous reacting solutions; for NaCl and CuCl,—from reacting solu- 
tions in absolutely dehydrated benzene, toluene, xylene, and so on. 

Increasing the solubility of aluminium hydroxide by strong ammonia, and 
conducting the precipitation at an elevated temperature, suffice to cause the 
precipitation curve of even this typical colloid, partially to go over to the 
microscopic domain, since we shall already have beautiful microcrystals of 
mA1,©., .3H20% and so forth: 

It is not difficult to understand that, with equal: OQ; —L; = 0; —L,=Q, 
-—L,, it is for the curve L; that we obtain the largest values for: 


Q,—Ls 
Lee 


and that it is these extremely large (even with very small 0, — L,;) values of 
N that make the substance a typical “colloid,” with practically its whole pre- 
cipitation curve lying within the ultramicroscopic domain. 

It is self-evident that no less enormous values of N can also be reached 
with relatively small values of (Q—L)/L, if under the conditions of pre- 
cipitation, the values of J are sufficiently large. 

Hence tt follows that reduction of solubility is not the only means to effect 
the transition from “crystalloid” to “colloid,” but that this can also be done 
in other ways, that would increase the values of J. 

Solvation (as connected with molecular association), polymerization of 
the molecules, and complexity of the chemical composition of the molecules— 
these are the three outstanding factors leading to increase in the values of J; 
it is better, however, to treat these factors later on. 

I shall now point out very briefly the influence of dust and of adsorption 
phenomena on the increase in value of J. 

If the dust particles are able to produce (consequent on the adsorption 
process) a higher concentration of the solution at their surfaces, they in- 
crease the supersaturation (Q —L), and provoke either a premature forma- 
tion of crystals, or generally a formation of crystals in larger numbers than 
it would be the case if no dust were present; if with such an adsorption the 
dissolving capacity of the solvent is affected in the sense of the reduction of 
this capacity, then (Q — L)/L will increase, and consequently, we shall have 
again an increase in number of spontaneously arising crystalline germs or 
nuclei. 

If the substance of the dust is of such a nature that neither the supersatura- 
tion around its particles will increase, nor the solubility diminish, this kind of 
dust will be inactive for the crystallization process. 

And the active dust will act quite in a similar way, as if no dust was 
present, but (Q —L)/L would increase through either the increase of Q or 
the decrease of L; that is to say, the effect of active dust is duly taken into 
account by the increase of the value of factor J. 

The curve Ct,D in Fig. 6 is to demonstrate the above influence of dust on 
precipitation; if there were no influence of dust, or if it were strongly reduced, 


Nee, 


* According to the work of Lobry de Bruyn on the solubility of salts in absolute solvents, the 
solubility of BaSO4 in truly absolute alcohol may even be greater than its solubility in 95 per cent 


alcohol. 
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the precipitation curve would assume (after the lapse of time ts > t,) the 
form EFts. 

The presence in solution during precipitation of foreign molecules—of 
molecules that would exert no influence on the solubility of the substance under- 
going precipitation—may only assert itself in the sense of adsorption (con- 
tamination) of the crystals during their growth. , 

Such contamination will at first (with some relatively small concentration 
of the foreign molecules) bring forth a distortion of the crystal form (e.g., 
twisting, twinning, and so on, of the single individuals), and then (with 
higher concentrations of foreign molecules )—an increase in number of crystals 
spontaneously arising in unit volume of the solution, consequent on which 
(see Fig. 8) the precipitation curves will move in the downward direction, 
so that, at a sufficiently high concentration of foreign molecules, the whole of 


MICROSCOPIC DOMAIN 


VLTRA-~MICROSCOPIC DOMAIN 


Fic. 8. 


the precipitation curve may even sink below the line nm, thus entering the 
- ultramicroscopic domain. 

This is how, for instance, BaSO, precipitates from aqueous reacting solu- 
tions to which some gelatin or agar was added.” 

The above explained influence of adsorption or contamination on the crys- 
tals just forming turns out to be that, that it is just owing to this contamination 
of the growing surfaces of the crystals that the local (i.e., near these crystals) 
increases of the supersaturation occur, giving birth to new crystals; that is to 
say, in the case we are now examining, the same takes place what might be 
obtained by simply increasing (Q — L), i.e., in the formula for N, the above 
explained influence of adsorption is also comprised in the factor J. 

In all figures so far presented (Figs. 4-8), the precipitation curves have 
been plotted on a “conventional” (1.¢., a somewhat distorted scale ; these figures 
were schemes, and not drawings). 

Fig. 9 represents the precipitation curves properly plotted for the Ag,SO, 
from 30 per cent alcoholic aqueous solutions. ; 


Prate Ila. 


~ 


Ag2SOsx precipitates from aqueous react- AgCOOCH: precipitates from aqueous 
ing solutions. reacting solutions. 


No. 9. Concentration of the reacting No. 12. Concentration of the reacting 
solutions 0.2 norm. Photograph taken solutions 7/40 norm. Photograph taken 


about 1 hour after the formation of after 2 weeks. 0.8 natural size. 
» the precipitate. Magnification: about 
11S: 


No. 9 bis. The same precipitate as in No. 13. Concentration of the reacting 


No. 9, but after 6 months’ storage un- solutions 11/40 norm. Photograph 
der the mother liquor. Magnification: taken after 2 weeks. 0.8 natural size. 
about 220. 
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Prate IIb. 


No. 10. Concentration of the reacting No. 14. Concentration of the reacting 
solutions 1 norm. Photograph taken solutions 3/5 norm. Photograph taken 
6 months after the apparition of the after 2 weeks. Magnification: about 
precipitate. Magnification: about 400. . 25. 


No. 11. Concentration of the reacting No. 15. Concentration of the reacting 
solutions 6 norm. Photograph taken solutions 1 norm. Photograph taken 
6 months after the apparition of the after 2 weeks. Magnification: about 
precipitate. Magnification: about 400. 60. 
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Analogous precipitation curves are also obtained for Ag,SO, from aqueous 

and 60 per cent alcoholic-aqueous solutions,® and certainly for all normal cases 
of precipitation in a general way. 
_ A vivid portrayal of how the dimensions of the crystals diminish with 
mcreasing concentration of the reacting solutions is offered in Plate II, where 
photographs and microphotographs are reproduced of precipitates of silver 
acetate ° (Nos.: 12-15) and silver sulphate (Nos.: 9-11) which were prepared 
by precipitation from aqueous solutions at room temperature. 


= 
™ 
Zz. 
9) 
=s 
oH 
1) v 
O x 
W 70 \ 
+ 
im 
: ‘ REACTING SOLVTIONS 
My ; IN 30% ALCOHOL 
S fey (Ag S04) 
cs] 8g 
aie 
al 3 
A eA 
e ic 
ed 
oy) G 
4 
rae MG 

4, 
W zt ip 
7X70 | 
Ss || f, 
S Rese 

SS eae 

IL m ei 1 = ——" + ae =» 
220 30 0 60 Yo ka Ya 


10 
700 100 700 foo 100'f0a 100 foo 700 


CONCENTRATION*OF* THE? REACTING-SOLV TIONS 
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Curve 1: The solid phase appears practically instantaneously; the measurements of 
the crystal size have been made at the end of the time period To, which represents is 
the period (about 10-15 minutes) required for the operations of sampling and 
photomicrographing. 


Curve 2: To +5 min.; Curve 3: To +10 min.; Curve 4: To +20 min.; Curve 5: To + 
40 min.; Curve 6: To+1 hour; Curve 7: To +3 hours; Curve 7a: To + 24 hours; 
Curve 8: To +2 months; Curve 9: To+ 6 months. 


From Figs. 4, 6 and 9, which are nothing else than simple representations— 
schematic or exact (Fig. 9)—of experimental data, and which accordingly, 
contain nothing of any theories, it is easy to formulate altogether real pre- 
cipitation laws, for all the normal cases of precipitation, which would establish 
the correlation between the size of the grains (of the crystalline individuals, 
not of aggregates of such individuals), the concentration of the reacting 
solutions, and the time periods elapsed from the moment of mixing together 
these solutions. 
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11—Curve 1: — To; Curve 2: —To+5 min.; Curve 3: —To+10 min.; Curve 
4: —To +20 min.; Curve 5: — To + 40 min.; Curve 6: — To + 1 hour; Curve 7: 
—To+2 months; Curve 8: — To + 6 months. 
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—7T,+3 hours; Curve 7a: — To + 24 hours; Curve 8: —7To-+ 2 months; Curve 
9: —To+6 months. 


I shall confine myself to only the formulation of those laws which are of 
practical value; these laws run as follows: 


1. For periods of time smaller than that which is necessary for the com- 
pletion of the processes of direct growth of crystals in practically all the solu- 
tions, even the slightly supersaturated ones: The precipitation curves with 
the codrdinates, “concentration of the reacting solutions, crystal magnitude” * 


* The general appearance of the curves will suffer no alteration, of course, if we plot as ordi- 
nates the weights of the precipitate crystals or G,, instead of their lengths. In other words, the 
precipitation curves may, in this case, also be subdivided into curves with a maximum (the maximum 
is certainly not bound to remain at the same place as before) and curves without a maximum, and 
the like. In the present connection, it is worth noting that Sven Oden, availing himself of his 
beautiful registering apparatus, was able to determine the so-called ‘“‘distribution curve’ also for the 
BaSO,, about which he states as follows: “. . . they furnish us with an example to von Weimarn’s 
law that, with diminishing concentration of the reacting solutions, the masses of the particles (or 
the equivalent radii) increase.” (Koll, Zeitschr., 26, 100-121 (1920).) 
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are curves with a maximum; the greater the periods of time to which the curves 
correspond, the higher and the more to the left will be the maximum point of 
the curve. hcar. 

2. For periods of time equal to or larger than that which is necessary for 
the completion of the processes of direct growth of crystals in practically all 
the solutions, even the slightly supersaturated ones: The dimensions of crys- 
talline grains decrease as the concentration of the reacting solutions increases. 

I shall not be detained here by the question as to the equations by which 
the curves representing these two laws could be expressed, for its solution 
will become quite clear as soon as we shall have answered the same question 
with regard to precipitation curves with the codrdinates, “crystals length J, 


O eee ieee 
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Fig. 13—Curve 1: — To; Curve 2: —To+1 hour; Curve 3: —To+1 week; Curve 
4: —To+1 month. 


No great play of imagination is required to see that, were we to plot along 
the axis of abscissas, not the concentrations of the reacting solutions, but 
(Q—L), taking the coordinate center at the point: QL =O and 1=O, 
the general character of the precipitation curves would not be altered (Figs.: 
10, 11, 12 and 13), and only the wording of the above formulated precipitation 
laws would be a different one; so, for instance, the second law would run as 
follows: The dimensions of crystalline grains decrease as Q — L increases. 

Since Q — L is a quantity altogether susceptible of real measurement, it 
follows that the formulation just quoted of the second law is also free of any 
element of theory. 

In Fig. 10 the precipitation curves (with the codrdinates: Q—L, b, 
crystal breadth) are given for the case of silver acetate under application 
of aqueous reacting solutions (KCOOCH; + AgNO) ; the Figs.: 11, 12 and 
13 represent the precipitation curves of silver sulphate (AgNO; + MnSQ,) 
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from aqueous, 30 per cent, and 60 per cent alcoholic aqueous solutions corre- 
spondingly; in Figs. 11-13 the codrdinates are: J—length of crystals, and 
Q—L.* 

__ For the quantitative test of the theory explained in Section B, we are to 
select such cases of precipitation, for which the recrystallization and aggrega- 
tion processes are as slow as possible, so that the errors committed in measure- 
ment be not too big. . 

The processes of recrystallization and of aggregation may be slow in two 
distinct cases: first, when the substance of the precipitate is truly negligibly 
slightly soluble; second, when the crystals constituting the precipitates are 
not below the microscopic size (the solubility must then not be vanishingly 
small). 

The second case offers greater convenience for its quantitative study, for 
it is very difficult, when dealing with very fine-grained precipitates, to execute 
measurements of the ultramicrocrystals constituting these precipitates, with 


any approach to accuracy. 


MICROSCOPIC DOMAIN 
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In order to evaluate and to understand these difficulties, a few words must 
be said about the formation of aggregates ° or aggregate-particles in the pre- 
cipitates, out of the extremely small ultramicrocrystals, and about the influ- 
ence of this formation on the “apparent” deformation of the precipitation 
curve. areiet 

In the scheme Fig. 14, the precipitation curve aa represents a real pre- 
cipitation curve with the coordinates: Q —L and Gm; as always, Gm relates 
here, not to aggregate-crystals, but to compact individual-crystals. 

After the lapse of a certain time, this curve will show noticeable deforma- 
tion, and will first assume the positions bb and cdd, owing to the direct growth 
of the crystals and, in part, owing to the recrystallization process. 

* The calculations of the concentrations were carried out in normal equivalents, and not in gram- 
molecules; for the silver: acetate, the normal equivalent and the gram-molecular concentrations cer- 
tainly coincide. It must be noted here (for particulars, see: P. P. von Weimarn, S. Otsuka and 

. Hori, loc. cit.) that similar precipitation curves are also obtained for the lengths of AgCOOCHs 
crystals ‘and the breadths of AgSO, crystals (in this latter case, there was observed, with large 
Q—L a second, gently sloping, small maximum, which can be explained by the changes in form 
of the grains: from long and thin to thick and short comparatively. The equations of the precipi- 
tation curves, e.7., those for the breadths and those for the lengths, differ only in regard to the 


l f the constant; that is, e.g., for AgCOOCHs we shall have for the breadth (b), as well as 
Wor the length (1) the following equations of precipitation curves: b.(Q—L)*=ky, and 1.(Q—L)? 


= ky. 
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If the individual crystals are small ultramicrocrystals, it will then be 
impossible to distinguish, even with the ultramicroscope, to say nothing of 
the microscope, between an aggregate and a compact particle (a crystalline 
individual). : ; ; 

And therefore, if all the precipitation curves: aa, bb, and cdd, lie, with 
their largest parts, within the ultramicroscopic domain, there takes place, 
owing to aggregation '! of the ultramicrocrystals resulting into the formation 
of aggregate-particles, an “apparent” deformation of the precipitation curve © 
cdd to a curve of the form cdc; while, starting with the point d, the “appar- 
ent” sloping up of the curve is due to the fact that the aggregate particles on 
the right of point d were erroneously held for compact ones. 

It is certainly true that such mistakes can always be detected by either 
the dispergation method of precipitates to colloid solutions (see below), or by 
examining the precipitates with X-rays (see below) ; but anyhow, it sometimes 
requires a great deal of work, to make an exact determination of the dimen- 
sions of compact particles in such precipitates. ' ' 

The contraction of aggregate particles, the growing together of the indi- 
vidual ultramicrocrystals constituting these particles, and the rebuilding, with 
time, of the aggregates to more or less homogeneous crystals—all these proc- 
esses are influenced by a number of factors (e.g., the pressure exerted by the 
upper column of the precipitate on its lower layers; the presence of aggre- 
gators [see below], and the like) which, during the course of direct growth 
of compact crystals from solutions, are of no particular importance. 

This is why, on submitting the theory of precipitation to a quantitative 
test, one preferably uses precipitates not excessively fine-grained. 

This, however, is only a matter of expediency. In point of fact, we can 
always make the aggregation process—which, with slightly soluble substances, 
is generally sluggish—become so slow that it will prove no hindrance to 
our quantitative measurements. 

The solubilities in water at 25° C.; of AgCOOCH, (0.062 gram-molecules 
in one litre of the solution) and of Ag,SO, (0.025 gram-molecules in one 
litre of the solution) are not small enough that we might obtain excessively 
fine-grained precipitates ; and besides, the solubilities of these substances may 

. easily be lowered, as one wishes, without any complications whatever, by add- 
ing ethyl alcohol to the water. 

Apart from this, the AgCOOCH, offers a somewhat special interest as a 
substance that crystallizes in strongly negative crystals.* 

In Figs. 15, 16 and 17, I am giving several sets of curves with maxima; 
the equations which express these curves 7? are given below each figure. 

To compare the curves in these figures with those in Figs. 10, 11, 12 and 
13 will be enough to understand the possibility of expressing the precipitation 
curves by analogical equations. 

Without going into detail, I wish merely to point out that the equation 
of the type: 


1. Pn, a = ee 


*This form of crystals, t.e., the form of needles, remains with the AgCOOCHg, precipitates 
even when the reaction of formation of this substance is realized in 95 per cent ethyl alcohol. 
Many of the AgCOOCHs precipitates obtained by the reaction in 95 per cent alcohol are extremely 
voluminous and display a gelatinous-flaky character. 

_, My ultramicroscopic investigations (with Prof. Siedentopf’s “Wechselkondensor’”’) of these pre- 
cipitates (Apochr, 58, Compens. ocul. 15, magnification 870) have shown the crystalline grains to 
be microscopic needles, whereby, in some of the precipitates submitted to examination the width 
and the thickness, but not the length, of these needles were of ultramicroscopic dimensions. 
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(where: P = Q —L, and T—the time intervals elapsed from the instant of 
mixing the reacting solutions), which, with corresponding values of T and P, 
goes over into the equation: 


1. P"* = const., 


may successfully be applied for the expression of precipitation curves in 
general. ; 

In the present paper we are especially interested in curves without 
maxima.* 

As regards such precipitation curves for the case of silver acetate, we may 
see from Fig. 10, in which the dotted curve is that of the equation: 


b.(Q—L)*®= ks, 
that the experimental precipitation curve approaches very closely the equation: 
(oe (Q—L)? = lait 


exactly the same result has also been obtained for the length of crystals, and 
the equation : 


1.(Q—L)’=hy 


expresses the experimental results with sufficient exactitude. 

But so good an agreement is not always met with. 

In the case of AgCOOCH, (see: Plate II, Nos.: 12-15) the crystals have 
the same form of needles with all concentrations; they change in size, not in 
form or in contours; but it is not the same with the Ag,SO, (see: Plate IT, 
Nos.: 9 bis, 10 and 11) for which the contours of the crystals vary with suff- 
cient sharpness. 

As can be seen from Figs. 11, 12 and 13 + (the dotted curves are those of 
the equation: 


al 
he (O—= LP? = const.) 
the curves of the equation: 
b (O = By kis 


do not coincide sufficiently well with the curves obtained from experiments. 
But the right and the left branches of the precipitation curves, for the 
aqueous, as well as the alcoholic-aqueous solutions, can excellently be expressed 
(see, in Figs. 11, 12 and 13, the dotted curves which practically coincide with 
the branches of the experimental curves) by curves of the equation of the gen- 
eral type: 
1. (Q—L)*=const., 


the values of the constant being not the same in the left and in the right 
branches of the curves. 


In the case we are just considering, conformedly to the sharp changes 
undergone by the contours of the crystals, as the concentration of the reacting 


* Or in curves of which the maximum is too high and too much on the left for their practical 
realization under the conditions usual in laboratory work with regard to time periods, and under 
application of ordinary volumes of the reacting solutions. ‘ 

j In the case of 60 per cent alcohol, the last experimental curve corresponds to the time of 
one month only, and not of 6 months, as for the case of water and 30 per cent alcohol It is 
important that this should be borne in mind. : 

$ Quite the same holds for the breadth of crystals. 
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solutions progressively increases, the experimental curve breaks up into three 
parts, of which each may be sufficiently well expressed by hyperbolic equations 
of its own. 

I am now approaching the most interesting moment, in the sense of the 
concordance between the laws for the theoretically idealized and the real cases 
of precipitation. 

In Fig. 18 the precipitation curves of Ag,SO, (for the aqueous and the 
30 per cent alcoholic-aqueous solutions—after 6 months, and for the 60 per 
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Fic. 18.—( Precipitation curves for AgeSQ,). 


Curve 1.—Aqueous reacting solutions; the crystals have been measured after 6 months 
from the moment of mixing the reacting solutions. 

Curve 2.—30% ethyl alcohol reacting solutions; the crystals have been measured after 
6 months from the moment of mixing the reacting solutions. 

Curve 3.—60% ethyl alcohol reacting solutions; the crystals have been measured 1 month 


after the mixing of the reacting solutions. 


cent alcoholic-aqueous—after 1 month) are given with the coordinates: Q — L 
and J; and in Fig, 19—with the coordinates : 


a and J. 


For the reader who understands how many factors were influencing the 
precipitates of Ag.SO, while these precipitates were kept for half a year 
under the mother liquor, the curve in Fig. 19 cannot but offer a wonderful 
experimenta! confirmation to the theory of the processes of precipitation, the 
theory explained in Section B. (The points corresponding to crystallization 
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from 60 per cent alcohol are somewhat on the outside of the curve as it was 
drawn; but it should be noted that in this case the measurement of crystals 
was made after one month only, and not after 6 months. ) 

And thus we may say that whenever the precipitation curves of substances 
from different solvents are subordinated to analogous laws, then, by substitut- 
ing the coordinate 
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©—Crystals obtained from aqueous reacting solutions; measured 6 months after mixing 
the reacting solutions. 

x—Crystals obtained from reacting solutions in 30% ethyl alcohol; measured 6 months 
after mixing the reacting solutions. 

[fi—Crystals obtained from reacting solutions in 60% ethyl alcohol; measured 1 month 
after mixing the reacting solutions. 


- for the codrdinate Q —L, the precipitation curves approach each other, almost 
to coincide, and sometimes actually coincide in a number of points. ‘ 

This is the real law. 

The theoretically idealized, limiting ‘law (Section B) exacts a complete 
coincidence of the precipitation curves in the case just treated. 
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We can avail ourselves of this law ** for determining with some approach to 
accuracy (sometimes but very roughly) the solubility of a substance in differ- 
ent solvents. 

Thus, for instance, in the above treated case of Ag,SO,, the common 
expression of the precipitate form coefficient for all three cases will be: 


Q—L 
is , 


the value of q being the same in all three cases. 
For water we have: 


Nasir 


oe 

UN Sos 

where \» is the precipitate form coefficient for water, and A—a constant, and 
for 30 per cent alcohol: 


Gin = 


ess 
oe EINES 
where N«, is the precipitate form coefficient for 30 per cent alcohol, and K 


—a constant, of which the value is the same as for water. 
Suppose we know Ly», and let our unknown be La ; with equal Gm we have: 


G 


on = ~ Or IN SSN ag 
accordingly : 
| Osa—La_. Quw—Lw 
qd. my taay —q. tae ein ’ 
whence : 
an 
io ea ; 


In the case of Ag,SO, the agreement between La calculated and deter- 
mined analytically proves to be rather satisfactory (¢.g.: Bee 01009 and 
0,007 gram-equivalents, as calculated against La = 0.01, as found ana- 
lytically ). 

The fact that the precipitation curve for Ag.SO., though not the whole 
of it, is very well expressed by the equation: 


b. (OQ —L)* = const, 


proves that the simplest of the theoretically idealized cases of precipitation 


(Section B) : ; 
Gnu —L) = const: 


is not a theoretical fiction. | 
And so, the real precipitation curves without a maximum can be expressed: 
! sO, 


either, as a whole—by an equation of one single hyperbolic curve (example : 
j : | , ‘ lara o - 
AgCOOCH,), or, in parts—by equations of several hyperbolic curves (ex- 
ample: AgeSO,). | a Res 
The ccnclusion just arrived at will not change, of course, if from lineat 
dimensions of the crystals we pass over to their magnitude (Gm) expressed 
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in gram-molecules, and therefore, for the real cases of precipitation, the de- 
duction holds which we have earlier drawn in Section B, that all precipitation 
curves can be united into either one single universal equilateral hyperbola: 


Gav = Const? =k; 


whence : 
K 
G — — ; 14 
au 
or a straight line: 
Das 
or, selecting suitable units so as to make a@ unity—the median line: 
D=N; 


that is to say, in this latter case, the numerical values of the “degree of dis- 
integration’ (D) of a precipitate are equal to the numerical values of the 
coefficient N. 

It seems useful to subdivide the processes of precipitation into classes and 
groups, according to the values * of the index m in the variable multiplicator : 


a hey ra [P=] 


1E 
in the formula of the precipitate form coefficient : 
et Oa 
Nia sy fac 


The first class would, for instance, comprise all cases of precipitation for 
which: J = kj, 1.e.: m=O. In each group of the first class all cases of pre- 
cipitation “would; be centralized” for); which: ky; == h7s =") ean 
where q is the same number for each group. The second class would already 
be characterized by: m= 1, 2.¢e.: J=k;.(Q—L)/L; the principle according 
to which the cases of precipitation belonging to this class form groups is the 
same as in the first class. The third class would comprise the cases: 
J aaky tl COL WL |? andssoron, 

For studying the precipitation processes with greater exactitude, it would 
certainly be very interesting to obtain, in addition to the curves with the co- 
ordinates: Q—L, (Lg signifies the ordinary solubility of the substance in 
pure solvent) and Gm, also the precipitation curves with the coordinates: 
O—Li, Gn and O— Le, Gn: 

On thus substituting the coordinates, simpler precipitation curves must, 
in certain cases, be obtained. 

And also, if in the expression: (Q —L)/L we substitute L» and L, for 
L, we may reach, im certain cases, a better falling together of the precipita- 
tion curves than on substituting Ls. 

It is these more exact quantitative investigations of the processes of pre- 
cipitation of substances that constitute the subject of my own investigations 
now in hand, as well as of the investigations of my students. 

On progressively increasing the concentration of the reacting solutions 
cases are also, not seldom met with of the appearance, over a definite con- 
centration range, of solid phases that are of quite different chemical composi- 
tion, such as: hydrates, basic salts, and so on. 


* Under the assumption: m =m’ (see above). 
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In these complicated cases of precipitation, the laws deduced above will, of 
course, also apply to each of such solid phases separately * (¢.g., in Fig. 20, 
which is a purely schematic representation of the case of SrSO, precipitation 
from aqueous solutions, the curve F,B’C’ corresponds to the crystals of the 
Se hydrate: SrSO,.2H.O, and the curve ABC—to the crystals of 

19 A: ie 

There is one more important consequence which can be derived from the 
schemes and the drawings of precipitation curves shown in Figs.*4, 6, 9-13, 
18, 19. They merely happen to afford direct proof that the particles of the 
so-called “amorphous” precipitates are crystalline. 

An examination of the precipitation curves will make it clear to any one 
who is capable of consequent analytical reasoning, that the compact (not 
the aggregate) grains of the precipitates which hitherto were described as 
“amorphous” or “colloidal,” represent particles of ultramicroscopic dimen- 


Fie. 20. 


sions; and that the crystalline form of these particles may, accordingly, not 
be revealed by optical means. 

But these ultramicroscopic particles do remove 7 the state of supersatura- 
tion of supersaturated solutions, and they are able to grow up until they be- 
come microcrystals to be distinctly recognized as such by their very form. 

And this latter fact is already direct evidence of the crystalline nature of 
the above ultramicroscopic particles. 

The degree of directness of this evidence is by no means lesser than that 
gained by the Debye-Scherrer-Hull method of investigating precipitates with 
X-rays. 

This latter method may, however, claim to possess the advantage of a 
greater demonstrativeness, owing to the “illustrations,” the “pictures” it fur- 
nishes us with, which are convincing even to those whose power of conse- 
quent analytical reasoning is somewhat restricted. 

The objection against the “directness” of my method explained above, 
which was raised by some sceptics and which consists in maintaining that the 
ultramicroscopic particles of most of the amorphous substances might have 
undergone, while in state of growth, conversion from the amorphous into 
the crystalline state, is an objection all the more applicable to the Debye- 
Scherrer-Hull method, seeing that the same sceptics may be expected to say 
about this latter method, that the particles of most amorphous substances are 


* The imaginary circumscribing curve ABDB’C’ (Fig. 20)—as well as similar curves drawn for 
still more complicated cases of precipitation, will also have a maximum, just as real curves have, 


for corresponding periods of time. : > 
The rate of this removal is slower, the more the particles are contaminated. 
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converted into ultramicrocrystals, being exposed to the action of X-rays. I 
am inclined to regard such criticism as based on a complete misunderstanding 
with regard to both methods. 


D. The Most Important Conclusion to be Derived from the Laws of 
Precipitation of Substances. 


The most important conclusion to be derived from the precipitation laws— 
and most particularly, from the formula of the precipitate form coefficient : 
Q—L 18 
vt nae ae r 
runs as follows: 

Whenever N is extremely large, with every practically attainable value, 
whether large or small, of Q—L (it being altogether immaterial whether 
these extremely large values of N had been reached through increasing J 
or through reducing L), then every substance, if placed under the above con- 
ditions, will practically be present in a typical colloid state, with any practically 
attainable Q — L. 

This conclusion contains no indication whatever within what limits of 
Q —L the substance will be present in a colloid solution condition, and within 
what limits of Q—L it will be present under the form of colloid precipi- 
tates; because, for a substance, the limiting, maximum concentration of its 
colloid solution also depends on variables as are not represented in the formula 
for N. 

Our conclusion just tells us this much: With every practically attainable 
Q—L the substance will be present, for some practically sufficient length 
of time, under either the form of colloid precipitates or the form of a colloid 
solution; that is to say, for the whole length of this time, it will exist in 
one of these two forms (colloid solutions, colloid precipitates) of the colloid 
state. 

The problem which confronts us in the synthesis of colloid solutions is 
preventing the ultramicroscopic crystals, for as much time as possible, from 
ageregating to non-ultramicroscopic aggregate-flakes, with Q — L as large as 
possible. 

The solution of this problem from the viewpoint of my theory will briefly 
be given in a later place; what is to be done next, is to discuss, though in 
rough outlines only, the changes in the chemical composition of the precipi- 
tates, dependent on the size of the crystals constituting these precipitates. 


IV. THe CHEMICAL COMPOSITION OF PRECIPITATES AS FUNCTION OF THE 
DIMENSIONS OF THE CRYSTALS COMPOSING THEM. THE 
FORMATION OF JELLIES 


It is a matter of common knowledge that, since Thomas Graham and up 
to our own times, purely chemical interpretations of the colloid state of matter 
have never been wanting, resulting in the theory of “colloidal, chemically 
complex compounds” (the various “Complex” theories of colloids), the theory 
of “gigantic chemical molecules,” with the whole variety of its modifications, 

My theory of the colloid state is neither “purely chemical,’ nor is it 
“purely physical”; it is a “physico-chemical” theory, and therefore it treats 
phenomena, whenever relevant, from either the physical or the chemical stand- 
point. 
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In Fig. 21 crystals are shown of which the size decreases in the sense 
from right to left. 


Suppose we are given one gram-molecule of each sort of crystals, e.g., 


one gram-molecule of No. 1, . . . , one gram-molecule of No. 10,... , one 
eram-molecule of No. 25, ..., No. 100, .. . and finally, one gram-molecule 
of No. n. 


The hatched portion of the crystals in Fig. 21 is to represent the super- 
ficial layer of the crystals, within which the “adsorption” of substances takes 
place when the precipitates are kept under the solution. 

From the standpoint of my theory, it is entirely immaterial what the 
reasons are which produce adsorption,’® i.e., whether it be occasioned by the 
residual chemical affinity, by the tendency of the surface energy to become 
a minimum, and so on; I shall also abstain here from any attempt to unite 
under one single principle the whole variety of reasons producing adsorption. 

The only thing that matters for my theory is the bald fact that adsorp- 
tion takes place to some extent at the surface of the crystals. 

And this has unequivocally been established by experience. 
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A mere cursory glance at Fig. 21 will make it clear that the smaller the 
crystal size, the larger is the surface connected with one gram-molecule of 
the precipitate. 

If the crystal No. 1 is sufficiently large, the superficial layer attached 
to one gram-molecule of the precipitate will be small comparatively, so that 
the presence of adsorbed matter may not be revealed by analysis of the usual 


exactitude. : 
Let us designate the substance of the crystal by A and that of the sub- 


stance adsorbed by B. E 
In agreement with my theory, the composition of a substance will always 


be expressed by the formula: 
AB x. 


Theoretically,* as will readily be understood, it is only with crystals in- 
finitely large that A = 0, the substance being in a state of absolute purity, 1.e.: 


Lim / ABA /with Gn oa C2 A=0= 4 


Conversely: if the crystals are of extremely small dimensions (Gm = 4, 
where a is an extremely small quantity) A will increase very strongly, be- 
cause (see Fig. 21, crystal No. ) the superficial layer will in this case make 


up the larger part of the crystals. 


* Precipitates as are practically pure are certainly obtained with quite finite magnitudes of grain. 
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It is enough to look at Fig. 21 to understand that, whenever the precipi- 
tate grains increase in size while being kept under the solution, there will 
be a decrease in adsorption, the substance adsorbed being restored to the 
solvent (self-purification of precipitates) by the crystals. 

If, on the contrary, the crystals of the precipitate, while under the solu- 
tion, are progressively crushed, there will be an increase of adsorption. 

But, in addition to the separate grains, the precipitates also contain aggre- 
gate particles * (see Fig, 22), especially the precipitates made up of very 
small grains. 

From the interstices of such aggregate particles (see black ground in 
Fig. 22), the mother liquor which is certainly contained therein, is certainly 
not always easily removed. 

This is a circumstance which also affects the chemical composition of the 
very fine-grained precipitates. 

Along with the increase in size of the separate crystals (through either 
recrystallization or growing together of adjoining crystals) which constitute 
the aggregate particle, the precipitate is by and by undergoing self-purification. 

From what has been just explained it will not be difficult to understand 
the nature of the changes in conaposition of the precipitates *® on the one hand, 


Fic. 22. 


and of the changes in composition of the solutions these precipitates are con- 
tained in, on the other, which take place during the course of the various col- 
loidal processes (é.g., those of aggregation and dispergation). 

In the formula: AB, both A and B may of course be elementary 


as well as chemically composite substances; e.g.: BaSO./BaBr2/ 4 BaSO./ 
MnSO,/ A, and so on; it is also possible, of course, that several substances 


are adsorbed simultaneously; for such cases we shall have correspondingly : 
ABy Ca_ and so on. 


The adsorption of other substances by some definite substance (e.g., by 
a BaSO, precipitate) of some definite magnitude of grain, largely depends 
on the values of the energies with which the truly-dissolved substances are 
retained by the solvent. 

Whenever direct dependence exists of the values of the above energies 
from the values of the solubilities, the amount of adsorption bears inverse 
relation to the solubility of substance adsorbed, 

In Fig. 23 the adsorption curves are given for different salts from aqueous 
and alcoholic aqueous solutions (the concentration of all salts was almost the 
same: — M/100). 

In view of the fact that, for all salts submitted to examination, the solu- 


* The individual crystals which constitute the aggregate particles may exhibi i 
forms; e.g., they may be fine needles, and so on. Dinner elves gin 4c 
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bility diminishes with increasing concentration of alcohol, the curves in F ig. 23 
are a thoroughly convincing proof of my above statement.1” 

Now that we are speaking of the chemical composition of the various 
precipitates, we cannot entirely omit jellies. 

I discriminate between two kinds of jellies: (1) the cellular or membra- 
nous, and (2) the continuous network-jellies, i.e., such into which the liquid 
solution gelatinizes with its whole mass (e.g., the gelatination of aqueous 
gelatin solutions). 

Those jellies only may rightly be called colloidal, the size of whose con- 
stituent crystals belongs to the ultramicroscopic domain. 

Cellular jellies are congregations of droplets and streamlets of one of 
the reacting solutions (e.g., Bal,) which, being covered by thin membranes 
of jelly (e.g., BaSO,), are present in the other reacting solution (e.g., 
MnSO,). 

A cellular jelly of that kind can also be prepared, persistent for some 
time, from gelatin, by pouring a hot aqueous gelatin solution (e.g., at 60° C.) 
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Fic. 23.—Unit of abscissas: 0.01 millimole salt per 1 gram BaSQ,, 


of suitable concentration into absolute alcohol which was also heated to a 
certain constant temperature (e.g., also to 60° C.). 

In this case, owing to the dehydrating action of alcohol, there will be 
formed, at the surface of the drops of the aqueous gelatin solution, mem- 
branes of dehydrated or only partially dehydrated gelatin (this formation 
occurs practically instantaneously ). 

In both the above cases of cellular jelly formation the values of 
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are exceedingly large. as ae pe 
For the formation of continuous network-jellies one additional condition 
is requisite.™ ; 
It is necessary that, with large 


Q—L 
IE ’ 


the crystallization process should take place, not at the separate boundary 
surfaces (which leads to the formation of cellular or membranous jellies), 
but more or less uniformly throughout the whole mass of the solution, _ 
And to secure this, it is obviously necessary that—in the case of gelatiniza- 
tion being brought about by the addition to any solution, of solutions of 


1 e— 
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some other substance—the solution thus added be able to intermix, without 
provoking the formation at its surface of non-dispergating (non-dissolving ) 
membranes. 

To put it in another way, it is necessary that, during a certain, often very 
brief, interval after the addition of the substance provoking gelatinization, the 
system be present in what would be a “‘supersaturated” (7.e., near the starting ) 
condition, from which it would withdraw by way of crystallization * taking 
place in a vast number of points of the system, which again takes place with 


very large 
hee 


Ve ZL 

The mechanism of the formation of continuous network-jellies by cooling 
the solutions is certainly, in its essence, not a different one from that of the 
gelatinization of solutions into continuous jellies, at a constant temperature, 
as provoked by the addition to the solutions capable of gelatinization of solu- 
tions of other substances. 

In other words, the only difference in the mechanism of formation of 
membranous and continuous jellies is, that in the latter case there is a suff- 
ciently long “supersaturation period,” so that the crystallization might pro- 
ceed in the whole mass, without provoking the formation of membranes at 
the boundary surfaces. 

It deserves being especially accentuated (in my earlier work I have stressed 
this on more than one occasion) that there is no difference in principle, no 
difference in essence, so to say—in regard to either the formation mechanism 
or the structure—between a gelatinous membrane of a cellular jelly and a 
piece of continuous network-jelly. 

If at all, we may speak here merely of a difference in a purely geometrical 
sense: in the first case we are facing a gelatinous membrane, ¢.e., a planary 
formation, with two dimensions (the length and the breadth) predominating 
over the third (the thickness) ; in the second case we are confronted with a 
spatial gelatinous formation which coincides in form with that of the vessel 
in which the solution has gelatinized. 

Between jellies prepared under different conditions there exists only a 
quantitative, not a qualitative difference, wiz., in the degree of transparency, 
the degree of longevity (stability), and the degree of concentration (i.e., 
of that minimum concentration of the substance, at which gelatinization still 
takes place) .t 

In due time, I was able to establish that, the greater the solvation capac- 
ity of the substance under the given conditions, the more insignificant is the 
concentration of this substance requisite for obtaining a jelly, other conditions 
being equal. 

And further: the slower the rate of the desolvation process—the process 
of solvates rich in molecules of the solvent going over into solvates less rich 
in such molecules—the longer will the jelly keep without turning into other 
precipitate forms. 

* Under certain conditions, continuous jellies are formed by coagulation of colloid solutions; in 
this case it is also necessary that there be a “supersaturation period,” and then that the coagulation 
be more or less uniform throughout the whole mass of the liquid; if this condition is not main- 
tained, it is not continuous jellies, but gelatinous-flaky precipitates that arise. This case either makes 
certainly no exception to the general rule, as the colloidal solutions of which the coagulation leads 


ve 


to the formation of the jellies could only be obtained with large values of N = J. 


+ See Bibliography 17a. 
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Very frequently it occurs that the grainy precipitate obtained as a result 
of similar desolvations will already occupy by its volume a very small place 
at the bottom of the vessel, and not the large volume equal to almost the 
whole capacity of the vessel, which the same substance originally filled while 
in a solvated condition (under the form of a jelly), having absorbed in the 
interstices between its crystals the whole of the mother liquor.'® 

Hence the influences become comprehensible exerted by the desolvating 
factors (both energies and substances) on the decrease in stability of the 
jellies ; with a certain intensity of these factors, there will certainly be no jelly 
formation at all taking place with the same concentrations as before, but other 
precipitate forms will arise instead. 

It should also be noted (without entering into particulars, not to extend 
the present paper overmuch) that it would entirely be wrong to separate 
by an insurmountable barrier, the gelatinous-flaky precipitates from the con- 
tinuous network-jellies. 

Such separation is surely a big mistake, seeing that, in proper cases, it 
is enough simply to increase progressively the concentration of the substance 
provoking the formation of continuous network-jellies, to effect the transi- 
tion, by very gentle gradations, from gelatinous-flaky precipitates, through 
weak, precarious network-jellies, to typical, stable continuous network-jellies.'® 

As regards the chemical composition of the jellies, their complexity will 
clearly be understood from their structure. 

It is often the case in scientific literature that systems are described as 
jellies, which consist of microscopic crystals, ¢e.g., of long needles visible with 
the microscope (this is a property that all substances with so-called [see above] 
negative crystals have in common) while classing these systems with the colloid 
formations. 

This is quite wrong, because such jellies are already coarsely-disperse, 
and not colloidally-disperse formations.”° 


V. Tue SYNTHESIS OF COLLOID SOLUTIONS 


A. Solutions of very Small Concentrations. 


1. The Crystallization Method.—Earlier in the text it was mentioned that 

in every crystallization the substance goes through a colloid stage of crystalliza- 
on. 

The problem of colloid synthesis is to create such conditions, under which 

this stage would last, not only for seconds and minutes, but for hours, days, 

weeks, months, years and decades. 

In Fig. 24 the scheme is given of a microscopic crystal (sectional view) ; 
let the kernel of this crystal ‘a be of a size that is beyond the limits of ultra- 
microscopic vision; kernel a+ layer b will already be of ultramicroscopic 
dimensions ; and the whole crystal (i.e., kernel a + layer b + layer c) will be 
visible already with the microscope, say—under the most perfect conditions 
of microscopic vision. ee 

Once a crystal has made its appearance from the solution it has to go 
through the superultramicroscopic,* the ultramicroscopic, and the microscopic 


stages of its development. Mn Aie 
How are we to fix for a comparatively long time the ultramicroscopic 


*J shall not be detained here by an analysis of the process of formation of the smallest of the 
super-ultramicrocrystals from the molecules (or the atoms), 
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stage of the development of crystals, without allowing them to form aggregate- 
flakes of microscopic or macroscopic dimensions ? 

This question is exactly equivalent to asking: how are we to prepare a 
comparatively stable colloid solution of a given substance? 

The answer is easy, so far as colloid solutions of very small concentra- 
tions go. 

If, for instance, we place the substance under the conditions of negligibly 
small solubility (see above: Fig. 6), then, even with very small concentra- 
tions of the reacting solutions, a large number of ultramicroscopic crystals 
will be formed, to persist for a comparatively long time. 

However, as the concentration of the reacting solutions is very small, the 
distances between these ultramicrocrystals will not be so very small, and 
therefore the formation of aggregate-particles will also not be very rapid. 

And thus, the colloid stage will last, under the above conditions, for a 
sufficiently long time for us to notice it. 

Here are three examples: 

Let us take one liter of ordinary distilled water, and heat it until it boils 
turbulently ; while still boiling, we add* to the water, one after another, 


c 


be) 


b 
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25 c.c. of an aqueous gold salt solution (one gram of AuCl;.HCl.4H,O in 
one liter), and 25 c.c. of an aqueous potassium-sodium tartrate solution (14.1 
grams of the salt in one liter of water), allowing the mixture to boil for 
a few minutes more. 

After going through a gamut of colors, starting with blue, the final re- 
sult } will be a colloid gold solution of a wonderful ruby-red color. 

Now let us dissolve * 0.00i gram of selenium powder in 5 c.c. of aniline 
and, with vigorous stirring, pour this quantity into 100 c.c. of ethyl alcohol, 
which was previously cooled to — 80° (or —55°) C.; we shall then obtain 
a beautiful yellow colloid solution of selenium. 

The curves in Fig. 25 are those expressing the results of the above colloid 
synthesis of selenium at different concentrations and different temperatures.2? 

These curves tell us in the most convincing manner that, with increasing 
(Q—L)/L, irrespective of whether this increase is due to the increase of Q 
or the decrease of L, the dimensions of the selenium particles in the colloid 
selenium solutions decrease. 

And finally, let us pour into 500 ¢.c. of ethyl ether, previously cooled 
down to — 80° (or — 50°) C., with vigorous stirring, 1-5 c.c. of a NaCl 
solution in methyl alcohol (e.g., a solution containing a few hundredths of 


* These solutions are better added when also in a boiling condition, 


{In the case now under consideration, the tartr 4 i iti 
function—that of a dispergator (see below). ate present in excess fulfills one additional 
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2 gram of NaCl in 5 c.c.) ; the result will be a colloid solution of NaCl, with 
1 fine, bluish opalescence.?3 


I could unrestrictedly increase the number of examples, for this is an 
altogether universal method. 

It would be a mistake to believe that it is only by lowering the solubility 
hat the colloid stage of crystallization may be rendered perceptible. 

This stage will become fully noticeable if, ¢e.g., the growth of the crystals 


is very slow, owing to a very slow rate of the dehydration processes which 
accompany crystallization, and so on. 


2. The Solution Method.—Earlier in the text it was mentioned that, when- 
ever crystals dissolve, they must go through a colloid stage of solution. 
Let us place into the solvent, at relatively large distances from each other, 
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microscopic crystals of the same kind as those represented in Fig. 24. 

It is quite plain that they will begin to dissolve, and that they will become 
ultramicroscopic—as soon as the layer c has dissolved, and superultramicro- 
scopic—when also the layer b has dissolved. 

Seeing that, with sufficiently large distances between the crystals, these 
crystals are unable to form aggregate particles at any appreciable rate, it is 
quite clear that, if the colloid stage of solution is to be fixed for intervals 
of time sufficiently long for its being noticed, it is necessary that the dis- 
solution of the small crystals suspended in the solution be slow. 

According to the theory of the solution process of Nernst-Noyes-Whiiney, 
the velocity of solution, other conditions being equal, is directly proportional 
to the difference in concentration of the adhering layer and the surrounding 
solution, and to the diffusion coefficient : 


y=>.S(a—n), 


where a — x is the difference between the concentrations, 5 is the thickness ot 
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the adhering layer, S is the surface of the crystal undergoing solution, and 1) 
is the diffusion coefficient. 

From this formula we clearly see that (a—.») must be small, if the 
colloid stage of solution is to be of long duration; provided, of course, that 
no other processes whatever, whose progress is slower than that of diffusion, 
e.g., such as the extremely slowly progressing solvation processes, accompany 
solution. 

It is an easy matter to prepare colloid solutions of small concentrations 
that would persist for periods of time sufficient for observation. 

For this purpose, we must first prepare, e.g., by the crystallization method, 
such precipitates as consist of ultramicrocrystals and aggregates of ultra- 
microcrystals (in these aggregates, the ultramicrocrystals ought not be solidly 
grown together). 

We next stir up a very small quantity of such a precipitate in a liquid— 
a liquid which, when in a state of purity, will practically not dissolve the pre- 
cipitate—to which a substance capable of dissolving the precipitate crystals 
has been added in a suitable concentration. 

Thus, a colloid silver precipitate will temporarily go over into a colloid 
solution, if it is placed in water containing a small quantity of KCN; a 
colloid tellurium precipitate—in water containing KOH; and finally, a col- 
loid BaSO, precipitate will temporarily go over into a colloid solution, if 
introduced into an alcoholic-aqueous medium, to which a proper amount of 
H.SO, has been added, and so on. 

The number of examples is unlimited, for this is an altogether universal 
method. 

For the greatest possible durability of the dispersoid stage of solution with 
the greatest possible concentration of the ultramicrocrystals, we must cer- 
tainly avoid the presence in the liquid medium of such substances as would pro- 
duce an acceleration of the process of aggregate particle formation. 

If the concentration of the minute crystals stirred up in the liquid is small, 
then the relatively large distances separating them from each other will already 
play the part of a factor attenuating the velocity of aggregate particle 
formation. 

Were this factor missing, the process of dissolution of the crystals would 
take place in the precipitate at the bottom of the vessel, and not while ‘uni- 
formly (relatively) distributed in the liquid, 7.e., not while in a colloid solu- 
tion condition. 


B. Colloid Solutions of Relatively Considerable Concentration. 


Under the conditions just described in Section A, colloid solutions of 
relatively considerable concentrations happen to be very unstable, owing to the 
rapid formation of large aggregate particles, whenever the influences “exerted 
by certain new factors are missing in the system. 

The substances or the kinds of energies which produce an increase in 
stability of the colloid solutions I shall call dispergators; * and the substances 
and energies acting in the opposite sense—aggregators. 

In this place it should also be noted that, dependent on the conditions (e.g 
on the concentration), a dispergator may become an aggregator, and wine 
versa. 

For the same substance we may have a vast multitude of both dis pergators 


and aggregators. 
* These are equivalent to deflocculators or protectors. J. A, 
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It is an extremely easy matter to find them both. 

We must first bring the substance under the conditions of a negligible 
solubility, and then, by reproducing the formation reaction of this substance, 
vary the excess of the reacting components of this reaction. 

I confine myself to the presentation of four Tables of results obtained 
for a substance belonging to the “world of crystalloids’—BaSQO,, and a 
substance belonging to the “world of colloids’”—aluminium hydroxide. 


TRAM LAE Th 


DISPERGATION OF A BaSQOx PRECIPITATE TO CoLLotp SoLUTION 
Preparation reaction: 3Ba(C2H3O2)2 + Ak(SO.s):—(iw water). 
(In test-tubes about 2 cm. wide.) 


To 10 cc. of a Ba(C:HsO2)2 solution saturated at room temperature, 1 c.c. ofa solu- 
tion of Alz(SO.)s saturated at room temperature was added drop by drop. 


After this addition, a coarsely-cellular jelly forms at the surface of the liquid; on 
slightly shaking the test-tube, the cells sink to the bottom, but soon rise to the 
surface again. 


10 minutes after its formation, the coarsely-cellular jelly was vigorously shaken with 
the remaining liquid, and a milky-white, barely transparent liquid was thus obtained. 


After 9 hours. The clearing of the liquid takes place by zones or layers spreading 
out in the downward direction; 7 zones may be distinguished: the first zone which 
is also the clearest, shows a slight bluish-green opalescence; the precipitate zone is 
at the bottom, and is immediately adjacent to the colloid solution zone, which shows 
the strongest opalescence and appears yellowish by transmitted light. 


After 20 hours. The zones appear somewhat less sharply defined; we have now a 
3 cm. layer of a colloid solution—yellow by transmitted light, and showing blue 
opalescence. The transition zone near the precipitate appears reddish by transmitted 
light, the red color becoming darker, the nearer to the precipitate. 


After 15 days. The colloidally-dispergated precipitate has not yet settled down. 


The filtrate is also a colloid solution, yellowish by transmitted light; opalescence— 
bluish. 


88 COLBOIDICHEMISTERY. 


TABI aul 


Aw EXAMPLE or CoLLorp SYNTHESIS OF A SUBSTANCE BELONGING TO THE “WORLD OF 
CoLLoips”—ALUMINIUM HypROXIDE 


The formation reaction was carried out in water. 
(In test-tubes about 2 cm. wide.) 


To 15 cc. of aqueous NH«(OH) solu- 
tion, 10 c.c. of aqueous AICI; solution 
were added. Concentration: N/40. 


A bluish-opalescent liquid forms at once, 
and almost instantaneously, a translu- 
cent, bluish-opalescent precipitate arises 
in the whole mass of the liquid. 


After 25 minutes from the beginning of 
the experiment: 4 cm. thick layer of a 
precipitate in the lower regions of the 
solution. 


After 2 hours and 15 minutes. The pre- 
cipitate layer has shrunk to 2 cm. The 
gelatinous-flaky precipitate is somewhat 
strongly opalescent with a bluish-white 
shade; the color by transmitted light is 
of a yellowish shade. 


On being kept standing, the precipitate 
shrinks down to 1.5 cm., its color be- 
comes a more pronounced white, and 
it is less transparent. The color by 
transmitted light is yellow (reddish- 
yellow). 


To 15 c.c. of aqueous AICI, solution, 10 
c.c. of aqueous NH.s(OH) solution 
were added. Concentration: N/40. 


Perfectly clear liquid; barely perceptible 
opalescence (in a thin body of liquid). 
After 2 months. No appreciable changes. 
After 8 months. Very scanty precipitate 


at the bottom; the liquid shows no 
marked changes. 


PHEORY OF Die tCOLLOIDUSTATE OF MATTER 89 


TABLE III 


An EXAMPLE OF CoE? SYNTHESIS OF A SUBSTANCE BELONGING TO THE “WORLD OF 
CRYSTALLOIDS” —BARIUM SULPHATE 


The formation reaction was carried out in 48 per cent alcohol. 


(In test-tubes about 2 cm. wide.) 


To 15 ce. of alcoholic-aqueous CoSO, 
solution, 10 c.c. of alcoholic-aqueous 
BaJ». solution were added. Concentra- 
tion: N/40 in 48 per cent C2H;OH. 


The liquid shows a bluish opalescence; 
almost immediately, there arise in the 

- whole mass of the liquid very minute 
particles of a gelatinous precipitate. 


After to minutes. 1.5 cm. thick layer of 
gelatinous - flaky precipitate. Small 
flakes still in suspension. The color 
of the precipitate is white; the opales- 
cence is greenish-blue. If examined in 
a test-tube 1.8 cm. in width, the color 
by transmitted light appears a reddish- 
yellow (orange). 


After 2 hours. The precipitate has shrunk 
to 34 of a centimeter. The liquid over 
the precipitate is somewhat turbid. 


After 24 hours. The liquid is clear, every- 
thing having settled down. 


When investigated with the highest 
powers of the microscope and with the 
ultramicroscope, the precipitate was 
found to consist of extremely small 
particles and aggregates thereof 
(flakes) ; the particles are so small that 
their shape cannot possibly be estab- 
lished. 


To 15 cc. of alcoholic-aqueous BaJ2 solu- 
tion, 10 c.c. of alcoholic-aqueous CoSO. 
solution were added. Concentration: 
N/40 in 48 per cent C2H;,OH. 


The liquid shows a soft bluish opalescence 
(the color of the liquid is a faint rose, 
characteristic of the cobalt thiocyan- 
ate). Perfectly transparent, so that the 
filament of an incandescent lamp is dis- 
tinctly visible through the  test-tube 
with the colloid solution, the light los- 
ing almost nothing in intensity. The 
opalescence slightly increases with time. 

After 3 months. No appreciable changes. 

Note: A colloid solution prepared by my- 
self under similar conditions as late as 
in 1907 (by the reaction: Ba(CNS), = 
MnSO, in 50 per cent alcohol) has 
kept up to 1918 stored for 10 years; in 
the meantime, the opalescence has 
grown stronger and become less uni- 
form, being weaker in the upper layers; 
a very small precipitate has formed at 
the bottom. 
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TABLELITV 


INFLUENCE EXERTED BY THE INCREASE IN CONCENTRATION oF THE Balz SOLUTION ON THE 
Dispercation Process or A BaSQO. PRECIPITATE IN AN ALCOHOLIC-AQUEOUS MeEpIUM 
(47.5 Per Cent Eruyt ALcoHor) 


Procedure adopted for the experiments: To 11 cc. of a CoSOs solution of N/40 
concentration in 47.5 per cent alcohol, 10 c.c. of a Bals solution of the same N/40 concen- 
tration and in the same medium were added. The mother liquor was then poured off, 
as carefully as possible, from the gelatinous-flaky BaSOs precipitate. The fresh pre- 
cipitates of BaSO, thus obtained, which were all prepared in exactly the same way (the 
volume occupied by the precipitate together with the remaining mother liquor amounting 
to about 2.5 c.c.), received each an addition of 10 c.c. of alcoholic-aqueous (47.5 per 
cent) Bal. solution of the following progressively decreasing concentrations: ZN, oN, 
N/4, N/12, N/24, N/40, N/80, N/200 and N/400. The systems obtained by shaking 
these mixtures for a short while (they are correspondingly designated as: D:, Dz, Ds, 
Ds, Ds, Ds, Dz, Ds, and Do) were then submitted to observation and comparison. 


D,. The precipitate has dispergated into a turbid though translucent liquid; on slightly 
shaking the liquid, one may clearly perceive the streaks of. precipitate * to appear . 
in the liquid. After 28 minutes: the precipitate has partially settled down, and 
partially remains in suspension. After 42 minutes: almost the whole of the pre- 
cipitate is already at the bottom forming a layer about 1 cm. in height (the experi- 
ments were carried out in test-tubes about 1.8 cm. in diameter) ; isolated flakes 
are still in suspension. After 24 hours: the liquid over the precipitate is quite 
cleat, 


D.. The precipitate has dispergated into a turbid though translucent liquid, which dis- 
plays distinct streaks of precipitate on being shaken. After 25 minutes: small 
flakes in the whole body of the liquid. After 40 minutes: an 8 mm. thick pre- 
cipitate layer has formed; the remaining flakes still in suspension. After 24 
hours: the liquid over the precipitate is perfectly clear. 


D;. The precipitate has dispergated into a liquid more transparent than is D2 After 
18 minutes: well pronounced streaks due to the particles present in the liquid; but 
there is no formation of flakes, as was the case in D2 After 33 minutes: turbid, 
somewhat translucent liquid; streaks on shaking. After 3 hours and 30 minutes: 
a precipitate coating at the bottom; over the precipitate—a turbid liquid with 
particles suspended therein. After 24 hours: the precipitate coating has become 
greater; over the precipitate—a somewhat turbid liquid, displaying streaks. After 
72 hours: the liquid is less turbid, the precipitate has increased. After ro days 
(ten times 24 hours): the precipitate (fine-grained flakes) has settled down; the 
liquid over the precipitate is still somewhat turbid. 


Dy. The precipitate has yielded, by dispergation, a colloid solution showing strong bluish- 
white opalescence and appearing yellowish by transmitted light. After 3 days: 
a fine, discontinuous precipitate coating (by microscopic examination (Apochr. 16 
mm.; Okul. 18) this precipitate coating proved to consist of dust particles covered 
with precipitate, and also of larger particles) ; over the precipitate—a beautifully 
ee as and well translucent colloid solution. After ro days: no important 
changes. 


Ds. The precipitate has yielded, by dispergation, a colloid solution displaying a still finer 
opalescence, and still more translucent than that in Ds. After 3 days: precipitate 
coating, though smaller than in Ds. (The results obtained by microscopic inves- 
tigation were the same as in Ds.) The colloid solution over the precipitate is less 


ee opalescent and more transparent than in D,. After ro days: no important 
changes. 


Ds. The precipitate has yielded, by dispergation, a colloid solution somewhat more 
opalescent than that of Ds. After 3 days: the precipitate coating is somewhat 
larger than in Ds. (The results of microscopic examination—the same as in Ds 
and Ds). The colloid solution over the precipitate is more strongly opalescent 
than in Ds. After ro days: no important changes. 
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D:. The precipitate has yielded, by dispergation, a colloid solution almost identical with 
that of Ds. After 3 days: nearly the same as in De; the opalescence of the solu- 
tion is, however, somewhat stronger than in Ds. After ro days: no important 
changes. 


Ds. The precipitate has yielded, by dispergation, a colloid solution of which the opales- 
cence is somewhat stronger than that of D,. After 3 days: precipitate coating 
similar to that in D;. The. colloid solution over the precipitate is more strongly 
opalescent than D;. After ro days: no important changes. 


D,. The precipitate has dispergated into a liquid which displays strong (whitish) opales- 
cence and distinct streaks of precipitate; the liquid is more turbid, of course, than 
were Ds, D; and Ds, and beyond comparison more turbid than were D; and Ds; 
it is about as turbid as Ds. After 10 minutes: the streaks have become more dis- 
tinct, but they are still weaker than in Ds. After 3 days: the precipitate coating 
is greater than in Ds, Dz; De, Ds and Ds, but smaller than in Ds: The colloid 
solution over the precipitate is strongly opalescent with a bluish-white tinge, and 
fairly well translucent with a yellowish colour; the precipitate coating appears 
also yellowish by transmitted light. After ro days: near the surface the liquid 
has become quite clear (the particles have sunk quite 4 mm. from the surface) ; 
the other parts of the liquid are still a colloid solution (approaching a suspension) 
which shows strong opalescence; precipitate coating at the bottom. 


A comparison of the systems with each other ro days (10 times 24 hours) 
after their preparation. 


D; and Dz —precipitates at the bottom; over the precipitates—a transparent 
liquid. 
Ds —the greater part of the suspended particles have settled down as 


precipitate; the liquid over the precipitate is somewhat turbid. 
D., Ds, Ds, D: and Ds—the BaSO., except for a trifling part (the precipitate coating, 
also the effect of dust), is present in a colloid solution condi- 
tion. The concentration corresponding to the dispergation 
maximum lies somewhere near Ds. 
Ds —a system approaching the suspensions. Precipitate coating at 
the bottom. 


Investigation of the filtrates obtained from D1: and Dz after diluting them with water. 


To 6 c.c. of water, 3 c.c. of the perfectly clear filtrates of D: and D2 (the filtration 
was effected through No. 590 “Schleicher & Schuell” double filters) were added corre- 
spondingly. In both cases, a distinct turbidity was observed to appear in the liquids 
after 10-15 minutes, being stronger in Di than in D2, which proves that the solubility of 
the BaSQOu, has increased at the expense of the complex compounds to a somewhat greater 
extent in D, than in D2. 

* On shaking a liquid containing in suspension such particles as are invisible, on account of 
their minuteness, with the naked eye, but can be descried with a magnifying glass (of tenfold mag- 
nification), we observe a peculiar movement to take place in the stirred up layers of the liquid; this 
phenomenon is designated as “streaks of precipitate.” (It appears in V2.0; sols. J. A.) 
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From the contents of these tables it becomes clear that, as in the case ot 
the aluminium hydroxide, aluminium salts fulfil the part of dispergators, and 
ammonia—that of an aggregator, just the same in the case of BaSO,, it 1s 
barium salts that act as dispergators, and the MnSO, (and other sulphates )— 
as aggregators.* " are 

As we see from Table IV dealing with the experiments on dispergating 
a BaSO, precipitate, at a certain concentration the dispergator becomes an 
aggregator. F 

In Fig. 26 and Fig. 27 the stability ¢ (duration of life) curves are given 
of colloid BaSO, solutions in alcoholic-aqueous media (about 63 per cent 
alcohol), dependent on the excess concentration of the barium salt solution 
(in the present case—of BaCl, and Ba[NOg].2). , 

It is clear from these curves that, above a certain concentration, the dis- 
pergator turns into an aggregator. 

We thus come to see that the stability of a colloid solution decreases as 
the concentration of BaSO, increases (at a certain, sufficiently considerable, 
concentration of BaSO, colloid solutions are able to persist only for a few 
minutes), as well as beginning with a certain concentration of the dispergator. 

The Figs. 26 and 27 will also help us to understand the so-called “wash- 
ing-method” of precipitates applied for converting them into colloid solutions 
again. 
For, reducing the concentrations, e.g., of the barium salts present in the 
BaSO,, by washing these precipitates with alcoholic-aqueous medium, makes 
the barium salts become dispergators again. 

But if the colloid precipitate of BaSO,, with barium salts adsorbed therein, 
is mixed together with a sufficiently large amount of a mixture of alcohol and 
water, then the concentration of the dispergator will be lowered to such an 
extent that the colloid solution will become very unstable.t (See Figs. 26 
and 27.) 

An attentive examination (Figs. 26 and 27) of the dispergation § curves 
will also disclose that, under suitable conditions, the dilution of a colloid solu- 
tion with the pure dispersion medium makes its life shorter and produces an 
acceleration in the coagulation process. 

These facts, which unfortunately have as yet not been sufficiently well 
understood, afford evidence that it is precisely the changes in the course of 
the dynamic (kinetic) processes taking place at the surfaces of the particles 
in the colloid solutions, that are the reasons producing coagulation, and that 
the changes in the electric conditions on the above surfaces are but conse- 
quences of the reasons just named. 

As to the nature of the mechanism of dispergation, it can briefly be ex- 
plained as follows: 


* Under different conditions of precipitation, the ammonia ini i 
the sulphates (for BaSO,) may become dispergators. Gor the aluminium) by droxide) sand 

{ For a more detailed account, see P. P. von Weimarn, K. Aoki and S. Kataoka 
titative Contributions to P. P. von Weimarn’s Theory of Dispergation,” 1 : 
Kolloid-Chem. Bethefte. (The dispergation curves have also been studied with BaBreg and Bals.) 
The dispergation curves (see Figs. 26 and 27) are always of the same general form (i.e., they have 
maxima), if only the condition holds that the values of (Q—L)/L be sufficiently high. My theor 
of dispergation was explained for the first time in my communication delivered before the Russ. Chem. 
Soc. on Dec. 17 (4), 1908: “The Parallelism between Peptisation and Solution,’ Journ. Russ. Chem. 
eee. ee Baie Hee aaa also: HORE AE, 4, 123 (1909); Kolloidchem. Beih., 1, 399 (1910): 
“Grundzuege der Dispersoidchemie,” 73 and followin 19 Piel £4 i Sir ihe * 
a Niederactlageny BA1-688. Kpato. 1991, g (1911); ‘Kolloides und kristalloides Loesen 

tIt is very important to understand this, for dealing consciously with colloid synthesis 

§ As in due time it has been pointed out in my papers (loc. cit.) devoted to my theory of 


dispergation, similar sets of dispergation curves can be obtained f 
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The atoms or the groups of atoms which constitute the molecules of an 
either truly or solutoidally (see later) soluble dispergator, mutually interact 
with the atoms or the groups of atoms of the superficial layer of the ultra- 
microcrystals. 

Consequent on this interaction, a definite number of molecules Or thems 
dispergator will be present, at any given moment, at the surfaces of the ultra- 
microcrystals; it is at the expense of these molecules of the dispergator that 
the ultramicrocrystals parasitize and keep suspended within the colloid solution. 

And it is for this reason that, in due time,?* I bestowed on the dispergation 
phenomena the name of dispersoidal parasitism phenomena. 

The dispersoidal parasitism is a dynamic (kinetic), and not a static process ; 
it is very important that this should be well understood. 

If dispergation is to be a success, the intensity of atomic interaction be- 
tween the molecules of the dispergator and those of the superficial layer of 
the ultramicrocrystals must not exceed a definite limit. 

With higher, as well as with lower values than those corresponding to this 
limit, the stability of the colloid solution becomes lower.” 

With sufficiently high intensity of the above atomic interaction there takes 
place the formation of a chemical compound of molecules of the dispergator 
and molecules of the ultramicrocrystals (so, for the case of the barium salts 
acting as dispergators, BaSO, being the substance undergoing dispergation, 
there will form complex salts of the general type: aBaSO,.bBaX,.cH.O). 

Such substances may also be dispergators as have no atoms or atomic 
groups in common with the substance undergoing dispergation; for instance, 
such chemical substances as are truly or solutoidally soluble in the given liquid 
medium, and whose composition includes such atoms as would exhibit, when 
in a free state, strong activity toward certain atoms of the substance under- 
going dispergation. 

The general equation regulating the duration of the existence of colloid 
solutions will be the following: *° 


Gy — Gy» — ain /aN 


where: G4 is the velocity of aggregation, and Gp the velocity of dispergation. 

For a greater length of life of colloid solution, it is necessary that the 
absolute value of A be very small. 

When A= O, we have the case of permanent stability. 

In the theoretical part of the present paper it was pointed out that, under 
certain conditions, such colloid solutions can be prepared for every substance 
as contain an equal (average) number of crystals in unit volume. 

The above quoted tables with the data pertaining to colloid synthesis of 
the aluminium hydroxide and the BaSO, make the possibility comprehensible 
of a real approximation of the above theoretic deduction. 


VI. THe Sotutotps 


The particles of any substance whatever which are present in a liquid 
medium may have colloid (ultramicroscopic) dimensions not merely a a 
result of fixation, for a more or less considerable length of time, of either the 
colloid stages of solution (—A, very small) or those of crystallization (tA 
very small), but also as the result of other reasons, in the presence of which 
A is already equal to zero, as with true solutions (permanent stability ) 

In due time I have called this species of the colloid state the solutoid 
species, because this state is actually most like the state of a true solution 
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On the other hand, for substances present in a solutoid condition, it is 
especially easy to fix, for relatively lasting periods of time, the colloid Stages 
of both solution and crystallization. 

There are several reasons which may produce the solutoid state. 

In the first instance, the diameter of the molecules of certain substances 
_ (in a desolvated condition) may reach colloidal dimensions if these mole- 
cules are complex, i.e., if they contain a large number of atoms of different 
elementary substances; ¢.g., proteins and other chemically complex substances. 

_ Further, there are substances which, by virtue of their chemical nature 
(irrespective of the nature of the solvent), are capable of polymerization and 
association ; through this polymerization and association such polymeric mole- 
cules may arise which already have colloid dimensions. 

Thus far, we have only considered the complex or the polymeric sub- 
stances when in a desolvated condition, and, in general, independently of the 
nature of the solvent. . 

Taking this latter into consideration, it might be expected that, by strongly 
reducing the dielectric constant of the medium, it would become easy to con- 
vert into the solutoid state whatever substance desired, 1.e., into the state of 
a solution with gigantic molecular associations of the substance contained 
therein. 

Experience shows, however, that the majority of substances usually dealt 

-with * are practically insoluble in media with small dielectric constant, i.¢., 
in other words, if ever the solutoid state is realized in solvents of that kind, 
it is only in vanishingly small concentration. 

But there exists a reason of universal character which can actually effect 
the conversion into the solutoid state of any substance, even of a substance 
cee when in a desolvated condition, is chemically quite simple (e.g., the 
NaCl). 

This reason is solvation, and the association of solvated molecules con- 
nected with this solvation. 

Gigantic solvated molecules (giant-solvated-molecules) can, m principle, 
be obtained for every substance, and it 1s precisely in this sense that I asserted 
that the solutoid is also a universal state of matter. 

This principle, making part of my theory of the colloid state of matter, 
admits being easily demonstrated experimentally by means of numerous 
examples. 

It is enough to look at the tables of solubilities of solid substances in 
liquids, to understand that an ample solubility of these substances is in some 
way connected with the solvation processes, and that at low temperatures, 
crystals-solvates are obtained with larger amounts of molecules of the solvent. 

Hence it is clear that, through rapidly transferring the solutions to low 
temperatures, the fixation of solvates with larger quantities of molecules of 
the solvent is possible. : 

If we remember that the molecular weight of 30H,.O amounts to 540.48, 
we shall easily understand that it is by no means difficult to obtain, at low 
temperatures, such associations of hydrate molecules whose total molecular 
weight amounts to several thousands. 

It is also easy to understand that the velocity of conversion of hydrated 
molecules of different grades of hydration into those of the hydrate most 
stable under the given conditions is small at sufficiently low temperatures. 


*TIt is self-evident that, in solvents of the above type, those solid substances are well soluble 
which are chemically active toward them. 
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If we take into consideration these two circumstances, it will bears ee 
to us that, exactly the same physico-chemical conditions at ee any a 
stance at low temperatures, if this substance 1s present in a < vent in mee 
it is strongly solvated, as those which naturally exist for the nb ipeiese tbe 
tions, e.g., of Bo aue and agar, over the range of ordinary temperature 
WOOF asd:0s. Coy ; 
eerThe velocity of pave of the hydrated gelatin (or agar) molecules 
of different degrees of hydration into those of the hydrate which is the most 
stable under the given conditions, is already small within the ordinary tempera- 
nge. 
eee occurs that, within a certain domain of Jow temperatures the solu- 
tions of substances in solvents in which they are strongly solvated, will be 
present in a typical solutoid state, quite similar to the same tate of gelatin 
and agar in their aqueous solutions at ordinary temperatures.’ ; 
During crystallization * of solutions of substances present in solutoid con- 
dition, we shall witness the process of reversible gelatinization ; for, in the cases 
under consideration, 
N=J Q—L 
=J.=> 


is large even with comparatively small values of (Q —L)/L, being enormous 
with the medium and the large values of (Q —L)/L; in these cases, J is very 
large. 

ee so, with a sufficiently rapid f cooling of solutions—of the type now 
under discussion—of substances, there will arise jellies or quite solid jellies 
(glasses) which, on being sufficiently rapidly heated, will undergo reversible 
conversion into the original solutions, while no microscopically visible particles 
are separated out. 

Alcohol-water mixtures, as they permit being cooled down to very low tem- 
peratures without the solvent crystallizing out, are especially convenient for 
the preparation of such reversible jellies. 

Two tables with experimental data will lend convincing confirmation to 
all that has been said above.8 

And thus, the gelatinization process of solutoid solutions is a crystallization 
process, and the jelly consists of ultramicrocrystals £ or, more generally (so as 
to include also the extremely high degrees of dispersity), of vectorial ultra- 
microparticles of various solvate forms. 

Quite similarly, we may arrive at the conclusion that the glasses of also 
the so-called unitary (einheitlich) substances represent accumulations of 
numberless multitudes of vectorial ultramicroparticles, these ultramicroparti- 


cles belonging, in many cases, to different modifications of particles of the 
given substance.§ 


*In the present connection, it should be noted that, for the subs 
the gram-moiecular solubilities are small, even when their percenta 
large. For instance, for substances of the molecular weight 10.000, 
a solution of 1/1000 gram-molecular concentration. Not infrequentl 
of the solutoids is only an apparent one, being due to the fact th 
these solutoids are better soluble, and to the fact that, to a certai 
dispergators for the molecules, as yet unsolventolized, of the solutoid 

t On cooling slowly, water of the hydrated molecules, the feebl 
is easily squeezed out in crystallization, even if the hydration is ve 

he ultramicrocrystals may exhibit various forms; 


tances of high molecular weight, 
ge solubilities are comparatively 
a one per cent solution is but 
y, the relatively good solubility 
at the solventolysis products of 
n extent, these products act as 
y bound, at higher temperatures 
ry great. 

crystals. they are needles in the case of negative 


§ In the literature the name of Naegeli is often associated with the h is i i 

§ : ften | ypothesis if the ery 
nature of amorphous and colloid substances; historically this is quite wrong; the Bann ent 
hypothesis dates back to much earlier times t 


han when Naegeli wrote; this h 
correctly be associated with the name of M. : ; eegie 


: othesis sh 
L. Frankenheim, though it was n pera ae 


ot created by him; 


On 
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THEORY OF THE COLLOID STATE OF MATTER 2) 


_ In concluding the present paper, I feel myself called upon to point out 
with much emphasis that, conformedly to its extent, I was able to give only 
the main foundations of my theory of the colloid state, and that certain parts 
of my theory had to be entirely omitted,* or could be given but very brief 
consideration, 

I believed it to be important to dwell, at the greatest possible length, on 
the process of precipitation; because, as soon as we are able to arrive at such 
conditions for the substance, that its precipitation curve lies, with its largest 
part, within the ultramicroscopic domain, this means as much as solving the 
very outstanding problem of colloid synthesis. 

To convert a colloid precipitate into a colloid solution is already easy: it 
is the reaction components (often but one of them, under usual conditions), 
that in the first place may serve as dispergators; and in the second place— 
the substances which, being either truly or solutoidally soluble in the given 
liquid, show but feeble atomic interaction with the substance undergoing dis- 
pergation f (e.g., certain chemically composite substances, of which the com- 
position includes such atoms of elementary chemical substances as are especially 
active when in a free state). 

But the precipitation process is certainly not the only means available for 
obtaining precipitates suitable for being dispergated to colloid solutions. 

There exists another general method. 

This method could certainly be only suggested by him who. was thoroughly 
convinced that “Crystal” and “Colloid” are not antithetic concepts, are not 
two separate “worlds of matter.” 

I am speaking of my mechanical method of colloid synthesis which I 
proposed in 1910.§ 

The results obtained by this method (NV. Pihlblad, A. L. Stein, S. Utzino) 
are communicated in the present volume by my student Mr. S. Utzino. 

I can only say that the results obtained thoroughly coincide with the re- 
quirement of the law established by myself—the law of the universality of 
the colloid state of matter. ' 

Even though the electric dispersion of substances (the Bredig-Svedberg 
method) could yet be interpreted by some investigators as a process of con- 
version of a crystalline substance into a special colloid or a special colloidally- 
amorphous condition, this interpretation may hardly be logically applied at all, 
to my mechanical synthesis of colloid precipitate and colloid solutions. 

And therefore, the very fact of preparation, by this latter method, of 
substances in a colloid condition, is also a direct proof of the correctness of 
my theory of the crystalline nature of amorphous and colloidal precipitates. 

The readers who might wish to acquaint themselves in more detail with my 
theory of the colloid state of matter, are referred to my following works: 


see historical part of my book, “Kolloides und kristalloides Loesen und Niederschlagen,” Kyoto, 
in - . . . 
a. ee aes Peed ra leave out that part of my theory which deals with the electric prop- 
erties of the colloids. I only wish it to be pointed out here that I am categorically opposed to any 
overestimation of the réle fulfilled by the electric energy in all natural phenomena in ead 
Concerning the réle it fulfils in the stability of colloid solutions, we should not forget that ot cm 
kinds of energies, e.g., centrifugal force (i.e., highly strengthened gravitation energy), are equally 
able to annihilate stability, just as is the electric energy (electrophoresis). ! P pa de 
A more detailed account of my dispergation theory was given in my earlier articles (loc: er): 
§ Cf. p. p. von Weimarn, Kolloid Z., 37, 151 (1925); P. P. von Weimarn and §S. Utzino, tbid., 
oe en Seattle noted, however, that conversion from one crystalline form into another, wee ene 
of the union with water in the hydrates, dehydration, even fusion processes (as well as en 
reactions), are quite possible, whenever a high degree of dispersity was reached by nS mec rape 
method; see P. P. von Weimarn, Koll. Zeit., 12, 125 (1913). On the weakening of the paion wi 
water in hydrates with crystallization water, a communication is made in the present volume by my 


student, Mr. T. Hagiwara. 
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I. “Zur Lehre von den Zustaenden der Materie.” 1914.79 Verlag von 


Theodor Steinkopf, Dresden. 
II. “Grundzuege der Dispersoidchemie.” 1911. Verlag von Theodor Stein- 
kopif, Dresden. A 
aii “Rolloides und kristalloides Loesen und Niederschlagen.” Kyoto, 1921. 
By now sold out. (The second edition has appeared, in 1925, Verlag 
von Theodor Steinkopff, Dresden. ) 


Nov. 1925, 
Osaka, Japan.* 
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-1=const., where 1 
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» McGraw-Hill Book Compare 
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* The present paper has been written b i i i 
‘ t y the Author, 
of the year 1923; the English translation has come to Agad e Bae me ee ee mons 
age) the proofs (end of November, 1925) the Author has confined himself to ceely Pie ire ma 
tion of some insignificant improvements in the text, and to but a few It : ely the introduc- 
the bibliography. alterations and additions in 
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The Mesomorphic States of Matter 


By G. Frreper, University of Strasbourg * 


©. Lehmann, who as far back as 1889 drew attention to these new forms 
of matter, gave to them the unfortunate name of liquid crystals. It was 
believed, and many people still believe, that the distinction between these new 
types and the crystalline type was nothing but a difference in degree of fluidity. 

I should like to show that the discovery of Lehmann is much more im- 
portant than this and that he has unwittingly and at one stroke discovered 
two of the four general types of organization now known in matter. 

Before the discovery of Lehmann all known matter was classified (as 
regards to structure) in either of two classical types: crystalline or amorphous. 
Of course other classifications suggest themselves if we take other points 
of view. Considering cohesion especially we may distinguish the solid, the 
liquid and the gaseous state, and varieties in each of these states. But what 
gives an altogether particular importance to the distinction between the crystal- 
line and amorphous states is that in passing from one to another of these 
states of matter, we always find a discontinuity. For all other imaginable 
distinction natura non facit saltus; nothing but continuous transitions are 
met. Between the crystalline and amorphous states natura facit saltus. 
This demands explanation. 

Crystalline substances are primarily characterized by the existence of 
“vectorial properties” which vary with the direction in a discontinuous man- 
ner and reveal the internal existence of a number of planes whose direc- 
tions are related by the law of Hatty. These properties for the moment 
are five in number: (1) The limitation of crystal in its growth within a 
fluid, by planes; in other words the discontinuity of the variation of rapidity 
of growth with direction. (2) Cleavage; in other words the discontinuity 
of variations of cohesion with direction. (3) Twins. (4) Slipping. (5) 
Last but not least, diffraction of the X-rays. 

The law of Hatiy, which coordinates the directions of the planes re- 
vealed by these properties, can be expressed thus: The planes revealed by 
the properties exhibiting discontinuous variation, are among the grouped rec- 
ticular planes of a certain network of parallelipipedons, and are the same for 
all properties in any one crystal. 

It is from these discontinuous properties and from these alone, that we 
have deduced the structure of crystalline matter, which is periodic: The con- 
stituent units (we know to-day, thanks to Laue and Bragg, that they are 
atoms or ions) are regularly distributed in space according to certain inter- 
vals. Neglecting very small oscillations due to the thermal agitation they 
occupy positions determined by their mutual affinities. Any definition of 
crystalline matter which does not take cognizance of the unquestioned fact 
that there exist properties subject to discontinuous variation and the law of 


* Translated by Miss M. N. Conklin, New York 
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Haity, is deficient because it neglects an essential. No more need be said 
here, for it is generally admitted that crystalline matter is experimentally 
characterized by the existence of properties varying vectorially in a dis-.- 
continuous manner and manifesting itself along planes related by the law of 
Haty; and according to structural theories, by a regular or periodic repeti- 
tion of the atomic units. 

All crystals heretofore known are solid; sometimes they are more or less 
plastic, that is, they have an elastic limit beyond which permanent deforma- 
tions are possible. But none of them approach a state that can be termed 
fluid. In other words the solid state alone seems to be compatible with the 
strict order that reigns in the crystal. . 

In opposition to crystalline matter, amorphous matter, which does not show 
a single vectorially discontinuous property, is in itself, apart from deforma- 
tions due to external causes, isotropic in all of its properties. For this reason, 
and also because it is very frequently fluid (ordinary liquids, gas) which 
is hardly compatible with the idea of a definite spatial repetition of units, 
we are led to regard its homogeneity and its isotropicity as purely statistical 
and its structure as governed only by the laws of chance. In contrast to the 
perfect order which reigns in crystals, amorphous bodies represent perfect 
disorder.* 

From the point of view of cohesion, amorphous bodies exhibit all states: 
gaseous, liquid and more rarely solid too, with (glasses) sometimes a rigidity 
that can be as great as any kind of crystal. Between these states there are 
no natural limits, no discontinuity. The apparent discontinuity between the 
liquid and the gaseous state resolves itself into a continuity if the curve of 
saturated vapor is not crossed.f 

But is there not a discontinuity between the solid and the liquid state at 
the melting point? And what is the melting point? 


isis, “NiMaiammne, Ie ag” 


To this question I shall answer positively this: the expression “melting 
point,” which every one believes he understands, is a deceptive word which 
merely beclouds a lucid notion, and should be abandoned. 

Let us consider a body having a definite melting point, sodium chloride 
for example: Cold, it is crystalline and solid. Raise its temperature; at 
776° under atmospheric pressure it fuses showing an absolute discontinuity, 
and a sudden change of all its properties. Above this temperature it is 
amorphous and liquid. It is said that at 776° it has traversed the “melting 
point” and this unfortunate expression implies that the important phenome- 
non, which really corresponds to the discontinuity, is the passage from the 
solid to the fluid state. In reality, however, two things occur: (1) Passage 
from the crystalline to the amorphous state. (2) Passage from the solid to 
the liquid state. Are these two events always simultaneous? And if they 
are not always so, which one of the two is accompanied by discontinuity ? 

Let us take, with Miigge, the example of the feldspars orthoclase and 
albite, or, according to recent researches, that of quartz. These bodies, 
crystalline and solid at an ordinary temperature, at a certain temperature ¢, 
quite below that at which they fluidify, transform discontinuously and sud- 


*Many crypto-crystalline substances have in error been called amorphous—metals for example. 


+ See paper by J. Alexander, this volume. J. A, 
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denly become amorphous, at the same time keeping their shape. Above this 
temperature they have become amorphous but remain in a state that can 
only be qualified as solid. When afterwards the temperature 1s gradually 
raised above ¢, this amorphous matter, this glass, passes by gradual transitions 
without any kind of discontinuous limit, from the solid to the liquid state, 
exactly as do ordinary glasses. What is most singular in these cases 1s that 
at the temperature where the discontinuous passage is made from the crystal- 
line to the amorphous state, the amorphous glass which results from this 
transformation is still solid. Therefore in this case the phenomenon of the 
“melting point” is duplex and the temperature t, to which this name is given, 
shows itself in its true light. It does not correspond to the passage from 
the solid to the liquid state which is essentially continuous, but to the pas- 
sage from the crystalline to the amorphous form. The name “melting point” 
is most inappropriate to describe such a point. Amorphorization point would 
be more correct. Thus the discontinuity, the natural limit to which the 
name “melting point” has wrongly been given, is in reality that of the pas- 
sage of the crystalline to the amorphous form. As these amorphous bodies 
are generally fluid and very rarely solid, it happens quite often that this 
transformation is accompanied by a sudden passage from the solid to the 
fluid state, especially when the temperature is high. But discontinuity is 
not involved in that change. It characterizes the change of structure. In 
no case is it possible to pass from the crystalline to the amorphous form 
without traversing a discontinuity which involves a profound alteration of 
the molecular structure: Passage from crystalline order to amorphous disorder. 
This passage takes place either under increasing thermal agitation (increas- 
ing temperature) or as the result of dilution (solution). Mugge has recently 
shown that it can be determined by another cause, namely, the very pro- 
longed bombardment by a rays; but in what follows we have only to consider 
the first two causes. 

Remember that the same body can present several different crystalline 
forms. They change from one to the other only by discontinuities quite like 
the amorphization point. 

The importance and the true sense of the discontinuity that is observed 
between the crystalline and the amorphous states has led us to see that be- 
tween the crystalline order and the amorphous disorder there exists not 
continuous transitions but two intermediary types of partial order, different 
in themselves and differing from the two types formerly distinguished by 
discontinuities. They are the mesomorphic states, comprising the smectic 
(Ouqywa, soap) and the nematic types (vijua, thread). Let us take, for 
exainple, one of the rather rare substances in which the series of four states 
is complete, cholesterine caprate. Cold, it is crystallized and solid. Raising 
the temperature, at T,=55.5° we observe a discontinuous transformation, 
ae ee ae comparable to that of the ordinary point of amorphiza- 
no 0 ee sin s. Above this temperature the body is pasty, between solid 

d liquid; but it 1s not an amorphous body. It is quite a new type of matter 
anisotropic, birefringent, which we shall call the smectic state. Then as the 
ee eee eee new ciscontinitaisy trans tpamationyt ates place at 
erees sone ae He bie i e I second melting point, and the sub- 

[ ange: ate quite different from the preceding one, and 
ial eR not amorphous but anisotropic and birefringent. In Fanos 
ee er ae a er fluid; here it is still quite pasty. We will 

ate. Iinally at Ts = 85° there isa third discontinuous 
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transformation, a third “melting point” and transition to a fourth state which 
this time is an ordinary amorphous liquid. ' 

With the majority of substances that exhibit these mesomorphic states 
and which are moreover rather exceptional bodies of a special chemical type, 
there exists between the crystalline and the amorphous phase but one of 
these two phases, smectic or nematic. But when the two exist, they always 
present themselves without exception in the same order. With increasing 
temperature the following is the succession: 


Up to T, Crystalline Form (one or many). 
Between 7, and T, Smectic Form. 
Between 7, and T; Nematic Form. 

Above T; Amorphous Form. 


Cases have been described where there might exist more than two meso- 
morphic forms. This is not impossible.. But in all cases that I have been - 
able to examine I have verified that the different forms of a same phase have 
been mistaken for distinct phases. For the same reason many substances 
have been described as having two “crystalline liquid” (mesomorphic) phases, 
when they have but one. I think, unless there is proof to the contrary, that 
there is never more than one smectic and one nematic phase, and when the 
two exist, the smectic phase has always its domain of stability at lower tem- 
perature than the nematic phase. 4 

A very important point is that mixtures offer exactly the same smectic 
and nematic structures as do pure substances. In mixtures, be they what 
they may, there is never observed any intermediary state, no gradual passage 
from one to the other of the four states. Even while mixing ordinary crys- 
talline and amorphous substances in all proportions and at all temperatures, 
nothing is ever observed but crystalline or amorphous matter and nothing 
which might be intermediate between these two types. [ven when sub- 
stances having mesomorphic phases are in question, nothing is ever seen but 
crystalline matter, smectic matter, nematic matter or amorphous matter. The 
two new states reveal themselves, therefore, as constituting altogether gen- 
eral types of matter, more rarely realized than the other two and pertaining 
to certain special chemical compounds, but as perfectly defined and delimited 
as the crystalline or amorphous types. 5 acy 

Just as in the passage from the crystalline state to the amorphous, dilution 
as well as increase of temperature, can determine the transformation of one 
into the other of the four states. The 10-bromphenanthrene-6-sulfonic acid 
of Sandquist is crystalline at ordinary temperature, and is anhydrous. When 
increasing proportions of water are added to it, without changing the tem- 
perature, it passes suddenly to the smectic state ; then with a greater quantity 
of water to the nematic state; finally upon still greater dilution to the 
amorphous state of an ordinary solution. Each one of these transformations 
exhibits a perfect discontinuity and there is a sharp limit between the several 
phases. A variation in the temperature changes this limit in a continuous 
manner, which indicates clearly that it is not a matter of definite hydrates. 
It is the continual variation in the quantity of water which, as well as the 
variation in the temperature, determine, for certain content, the intermittent 
transformation of one into the other of the four types of organization. An 
example of the same phenomenon, less complete but connected with. better 
known substances, is met in soaps, which are “smectic” at ordinary tempera- 
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ture when they contain but little water, but which, when the quantity ot 
water increases, pass suddenly, at a certain content, which is a function of 
the temperature, to the state of an amorphous solution. The importance and 
the nature of this transformation seem to have been generally ignored by 
authors who have experimented with solutions of soaps.* 

It may also be noted that if, in the state of dilution, the solution of soap 
is a colloid, the same designation must be applied for the greater state of 
concentration where the soap imposes on the mixture of water and soap its 
smectic structure. If, as seems reasonable, we understand a colloid to be a 
mixture of, at least, two phases, in which one of these phases is dispersed in 
very small units, there are colloids having each one of the four structures. 
There are amorphous “colloids,” which are the ordinary “colloidal” solu- 
tions or ordinary gels—the dispersed units may moreover be crystalline as 
in gold sols, for example. There are “colloids” with nematic structure, as 
Sandquist’s acid mixed with water, between certain limits of concentration. 
There are colloids with smectic structure, as the same acid in a greater state 
of concentration or as the concentrated solution of soap. There are finally 
substances that may be regarded colloids having crystalline structure. 
These are, for example, the zeolites, in which the predominant silicate mole- 
cule imposes its periodic structure, while water associated in continuously 
variable proportion, enters the space lattice without participating in its sta- 
bility. A gold sol is a dispersion of crystalline units in predominating amor- 
phous liquid, which imposes on the ensemble its amorphous structure; so 
the other extreme, a zeolite, is a dispersion of amorphous elements (water) 
in a predominant crystalline substance which imposes on the mass its crystal- 
line structure. 

The unquestionable existence of mesomorphic colloids, e.g., concentrated 
solution of soap, justifies the introduction in this work of some remarks on 
mesomorphic states. 

So far as concerns the chemical composition of all substances exhibiting 
mesomorphic phases, they are organic compounds with complicated molecules. 
Lehmann erred in including with them silver iodide under the cubic form 
which it takes above 146° and which is simply crystalline, not liquid at all 
without any of the characteristic structures of the mesomorphic substances, 
The chemical behavior of substances with mesomorphic phases is most diverse. 
Only one condition, after Vorlander, dominates, seems necessary and perhaps 
even sufficient. It is that the molecule be very long and rectilinear, with- 
out bifurcations or heavy side chains. _In the case of disubstituted benzene 
rings the para compound alone gives rise to substances exhibiting mesomor- 
phic phases; the meta compound rarely does so and then only when one of 
the substituted groups is small. The ortho compound never shows meso- 
morphic phases. It seems after all that the bodies with mesomorphic phases 
are simply those in which the molecule is very long and rectilinear nee 
shaped, no matter what may be the other chemical characteristics. No differ- 
ence in chemical nature is at present known between substances exhibiting 
the smectic phase and those exhibiting the nematic phase and th b 
stance may exhibit both phases. ip aoa 

Mixtures may distinctly show one or ; 
which are not shown by the pure riateelalGOel eee ne apres’ states 
as do pure substances f ing eg | ee 

put inces for studying the characteristics of both m hi 
types, which we will now briefly discuss. mee 

*See paper of J. W. McBain, this volume. J. A, 
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SMEcTIC STATE 


Types: Soaps, when cold. Better still, as showing much more distinct 
structures, ethyl para-azoxybenzoate between 114° and 120°, ethyl para-azoxy- 
cinnamate between 140° to 250°. Generally smectic substances are pasty 
like soft soap, or solid like soda soap. 


1. Homogeneous Areas. 


Smectic substances may be obtained with homogeneous areas by fusing 
crystals between two glass slides. In this case each area is perfectly limpid, 
maintains the shape of the crystal from which it originated and shows itself 
birefringent (very strongly so with ethyl azoxybenzoate or the azoxycinna- 


Fic. 1—Ethyl azoxybenzoate— smectic Fic. 2.—Natural light, X 25. Ethyl 


edges formed by fusing crystals. Natu- azoxybenzoate, with a small amount of 
ral light, > 80. Each crystal has ethyl azoxycinnamate added. ‘“Ter- 
formed an edge which appears homo-- raced drops” formed on a cleavage 


geneous centrally, and which fits into plane of mica. 
the neighboring edges by a marginal 

rim of focal groups. One of these 

limiting lines traverses the middle of the 

figure, and clearly shows the focal 

groups stretching obliquely. 


nate). Without exception the optical character is uniaxially positive, the 
yptic axis being regularly directed with regard to the initial crystal. On the 
dges these areas are not, as in the case with crystals, separated by surfaces 
»f discontinuity, but are joined by an infinity of minute figures which are called 
focal groups, identical with those to which we will later refer. (Fig. 1.) 
Homogeneous areas may also arise by homeotropism, that is to say by 
he spontaneous orientation of the optical axis normally to the surface of the 
yreparation. This orientation has been erroneously attributed by Lehmann 
o the action of the glass. That this is not so is proven by putting some of 
he substance in suspension on a small circular hole 1 mm. in diameter, 
or example, pierced in a thin plate of glass; it will show better than in any 
ther case the normal orientation at the surface. 
Homeotropism is due to the orienting action of the superficial pellicle of 
he liquid itself. The glass opposes that orientation only when there is in- 
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timate contact between the liquid and the glass itself. So the movements of 
glass aid homeotropism in destroying the adhesion of the liquid to the glass. 

The most perfect forms are produced by homeotropism when the smectic 
substance does not come. into contact with the transparent support, either 
on a-hole, as mentioned above, or, as Grandjean has shown, in the very 
curious phenomenon of terraced drops (Fig. 2). To observe these terraced 

drops it is necessary to employ for transparent support a cleavage plane 
freshly separated from a crystal which does not exercise-on the liquid any 
selective orientation. Mica serves quite well for the two’ types named 
above, or their mixtures. Upon melting a little fragment on the mica with- 
out going above Ts, it takes the shape of a drop, of which the superior sur- 
face is strictly flat, forming a great number of flat terraces, limited by smooth 
curves of various shapes. These terraces slide with the greatest facility 
over one another. They vary greatly in thickness and generally many more 
of them are seen under higher magnification.. The optical axis-is normal 
to the plane of the terraces. At the edges of each terrace there is a sudden 
change of level and there appears an infinite number of small focal groups, 
the structure there ceasing to be homogeneous. 

There is a close analogy between terraced drops and the terraced plates 
long ago observed in soap bubbles; these were studied with precision by 
J. Perrin, who also measured their thickness. These soap plates do not arise 
from an ordinary amorphous liquid, but are rather plates of a smectic sub- 
stance. Under one or the other form these terraces normal to the optic axis 
demonstrate the existence, normally to this axis, of a plane which in the 
structure of the substance plays a very peculiar role. The measurements 
of Perrin and Wells gave a basis for the belief that the molecules of smectic 
substances are disposed along equidistant planes, which according to Wells 
are in the case of potassium oleate 44 A. U. apart. Many other characteristics 
of stnectic substances are in accord with this hypothesis, as we shall see. 


2. Conic Structures. 


Whenever a smectic substance is not in homogeneous areas, it assumes a 
conic structure. This is the case, for example, when starting with the amor- 
phous state, the smectic state is reached by lowering the temperature. The 
same structure appears, furthermore, as uniting homogeneous areas. 

In this condition the smectic substance shows itself in ordinary, as well 
as in polarized light, crossed by a great number of black filaments that could 
be taken at first sight for solid threads (Figs. 3 and 4). These filaments :all 
have the shape of ellipses and of branches of hyperbolas. Often too fine to 
be made out in detail, these peculiar geometric figures can by the use of 
some precautions, be obtained large enough to be studied in a very thorough 
manner. To each ellipse or arc of ellipse there corresponds the arc a 
hyperbola, and these two conic sections are related to each other focall 
that is to say, their planes are rectangular, their centers coincide, and ee 
passes through the focus of the other. To each one of these focal rou 
corresponds a domain whose structure it dominates and which is ey 
the four cones of revolution having as apexes the extremity of one of the 
conic sections and resting on the other. If, as very often happens, the elli : 
is complete, only two cones appear. pia tre 

These focal domains are adjusted to each other according to a 
definite geometry, very peculiar at first blush, which cannot here be concider 
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in detail. It is based on this simple principle that two focal domains never 
penetrate each other and when they do touch are mutually tangent along a 
generative of the cones which limit them. 

_ During the passage from the smectic state to the crystalline state, it some- 
times happens (cholesterine stearate, cholesterine myristate, various mix- 
tures) that the extremely fine crystals are oriented. by the smectic substance 
and disposed in small plates, at each point of the mass, normally to the optical 
axis of the liquid (Figs. 5 and 6).* On returning to the smectic state the 
inverse orientation reappears and the conic sections reappear in their for- 
mer places, without change (Fig..7). ‘The study of these “pseudomorphoses” 
of smectic substances with conics aggregated like little crystals, in which the 
conics are thus kept in a solid state, and where the small crystalline plates 
delineate the outline of the optical axis, just as iron filings indicate the lines 
of force of the magnetic field, has enabled us to understand the structure 
of the focal domain. It is a region of the mass in which at each point the 


Fic. 3.—Taken with crossed Nichols, * 25. Ethyl azoxybenzoate, thick specimen with 
the lower surface in focus, showing “conic structures. 


optic axis rests on the two focal conics. In other words the surface normal 
to the optical axis which is a plane in the homogeneous structure is, in the 
focal domain, what the mathematicians call a Dupin's cycloid. A focal domain 
is simply a little region in which the optical axes meet two curves. Mathe- 
maticians have proven that the normal surface to the optical axis, the one 
corresponding to the planes of the terraced drops, is perforce a Dupin’s cycloid, 
and the two curves are necessarily focal conics. _ 

We see now why two focal domains cannot interpenetrate. There can- 
not at the same time be two structures at the same point. — And the fact that 
they are mutually tangent shows that, throughout the liquid, there is no dis- 
continuity other than that produced at the conics. W hile in crystalline matter, 
the homogeneous crystals are separated by surfaces of discontinuity, in smec- 
tic matter there are only lines of discontinuity, which are the conics. These 
conics are curves towards which the optic axes converge. They are, con- 
sequently optical discontinuities. This explains in great detail the manner 


yo tigt 5: mixture of ethyl azoxybenzoate and of azoxycinnamate smectic state. Fig. 6: same 
eres solidified, crystallized state, pseudomorphous with the smectic substance. Fig. 7: same 

prepa 5 . stallized sta 

preparation after return to smectic state. 
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in which these curves are manifested, more or less sharply So si are 
ing to conditions; it also explains why, when they have the ee as soe 
smectic substances are cloudy. They oppose the direct passage 0 igh a 
an obstacle of the same sort as that formed by an agglomeration & sae 
birefringent crystals turned in all directions. But, whereas in crystalline Sire 
stances the refractions are produced at the separate surface of the crystals 
in smectic substances they take place when the ray passes In the vicinity of a 
conic where the optical axis changes its direction abruptly. The cloudiness 


of smectic substances obtained without precautions, which has given rise to 
manv absurd statements about “liquid crystals” and led to their being con- 


Fic, 4—Nichol polarizer, without analyzer, X 80. Ethyl azoxybenzoate, showing typical 


“polygonal” structure, in which every focal group has one of its conics at the 
surface. 


sidered as suspensions or emulsions, is therefore completely explained. The 
same applies to nematic substances. 

The fact that, in the focal domain, the surface normal to the optical axis 
takes the form of a Dupin’s cycloid, tends to confirm the hypothesis of a 
structure at equidistant surfaces because a group of cycloids corresponding 
to the same conics, constitutes an ensemble of parallel surfaces at all points 
equidistant. The arrangement of these focal areas among themselves has 
in certain cases, been followed down to groups of very smal 
which appear especially near the surface where it exhibits chan 
ture. By the mere combination of these more or less eccentric 
there are formed designs of extreme delicacy, 
characteristic of smectic substances ; 
even in cases where the conics are to 


1 dimensions 
ge in curva- 

focal areas, 
fans or feather-like forms, very 
and this permits them to be recognized 
o small to be clearly made out. 
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Fic. 5, 6, 7—Natural light, X 80. Mixtures of ethyl azoxybenzoate and ethyl 
azoxycinnamate—thick specimens. 


Fie. 5.—Smectic state, conic structure. 


Fic. 6—Same specimen, after chilling; 


solid crystalline condition. The fine 
crystalline layers are at each point 
oriented normally to the optical axis of 
the smectic substance, making “pseudo- 
morphs” of focal groups. The mixture, 
somewhat too rich in azoxycinnamate, 
has on cooling separated into, two 
phases, one of which (the two darker 
masses to the right and the left) has not 
developed the phenomenon and disturbs 
somewhat the structure of the other. 


Fic. 7—The same preparation, after re-heating and returning to the smectic state. The 
two masses above referred to persist, which shows that Fig. 7 and 5 are not the 
same, Nevertheless, the focal groups of Fig. 5 are once more seen at the same 
points. The smectic phase has re-formed on the crystalline phase of Fig. 6. 
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3. Little Rods. 

Starting with an amorphous substance, if we cool below the point of 
transformation into the smectic form, the smectic phase appears as curious 
little rods resembling balusters, whose bulgings are decorated with lines of 
little beads, and ornamented with fine focal groups. These little rods, all 
statements to the contrary notwithstanding, never have a crystalline form. 
Even the number of beads about their bulgings is purely random, sometimes 
3, 4 or 6, which has led to the belief of a ternary, quaternary or senary sym- 
metry comparable to that of crystals; but just as often and with the rodlets 
of.a same preparation 5, 7, 15 or 20—in fact any number. The internal 
structure is conic, exactly as in the larger masses. There is no basis for 
attributing to these small bodies the periodic structure of crystals. As in 
the forms described above they show discontinuous properties only along 
one plane, which is the plane normal to the optical axis. The mere fact that 
they are not spherical shows that the capillary constant of their contact with 
the amorphous phase varies with the direction. Now the study of crystals 
leads us to consider the variations of the capillary constant as being dependent 
primarily upon the spatial distribution of the atomic or molecular units. 
This is therefore an additional and cogent reason for believing that in the 
structure of the smectic substances,, we are confronted with a spatial dis- 
tribution of molecules and it confirms the idea that these molecules are dis- 
tributed on equidistant surfaces. Nothing like this exists in nematic sub- 
stances whose drops are spherical. 

Instead of the crystalline forms that he first imagined he saw in the rod- 
lets, Lehmann thought it possible to describe as twins certain bent (or 
elbowed) rodlets that are. sometimes formed by the union of two straight 
rodlets. These imaginary twins are nothing but rodlets whose structure is 
dominated by a principal focal domain whose hyperbola has a sharp curvature 
They have no connection with crystal twins. 


4. Orientation by Crystals. 


Many crystals orient certain smectic substances. This is not a question of 
homeotropy, which, as we have seen, accompanies an imperfect contact; on 
the contrary the smectic substance in contact with a freshly cleaved crystal 
plane is oriented by this plane so that its optical axis, which seems AES 
to place itself parallel to the cleavage plane, takes definite directions ane 
to the crystallographic axes of the support. This orientation like that of 
crystals by crystals, is essentially selective as Grandjean has shown. It i 
furthermore more frequently realized than is the case with crystals ; 3 

Study of the mutual orientation of different species of crystals, sho I 
these orientations are possible only when there is harmony between th ne va 
of the two species. This phenomenon, which is very closely Eee : 
and so isomorphous syncrystallization, is governed by a general | > Bie 
applies also to these collateral phenomena. A prerequisite ‘to mut ie ae 
tion is that the two lattices (single or multiple) of the two aceon 
within a certain limit of tolerance, the same form and same a He 
is why orientation is selective, orientation, which is a form of co ae i ace 
growth, being impossible when the two periods are not pro beck oF 
That the same condition exists for all smectic substances a poe, pues 
by crystals leads us to believe that in smectic substances there j poe 
periodic, and that the period must match that of the crystal * see 

r tha 
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mutual orientation may be possible—an additional confirmation of the view 
of the distribution of molecules along equidistant parallel planes. 


5. Rectilinear Flows. 


A very curious phenomenon, discovered by Grandjean (Fig. 8) is the 
following : 

When a small fragment of a substance whose smectic phase is oriented by 
a crystal, is melted on the fresh cleavage plane of the crystal, this fragment 
in passing into the smectic state, flows out to make projections in the shape 
of small rods which are sometimes quite long and have rectilinear edges always 


Fic. 8.—Crossed Nichols, X 80. Frag- Fic. 9.—Crossed Nichols, X 80. More 


ment of ethyl azoxycinnamate crystal, 
in course of melting to the smectic state 
on a sliver of talc. Note the three rec- 
tilinear directions of flow of the smectic 


highly magnified detail of a flow-band 
of Fig. 8, showing that the transverse 
stratification is due to the presence of 
superficial focal groups. 


phase, at 60 degrees to each other. One 
of these flow-lines has been brought 
near to extinction to show the trans- 
verse stratification. 


aligned normally to the optical axis, the edges being parallel to the crystallo- 
graphic directions of the support. At the surface, which is curved, there are 
ornamentations by fine focal groups forming “feathers” (Fig. 9); but the 
mass is homogeneous and the optical axis is normal to the alignment of these 
curious drops. From this it is obvious that, as was the case with the ter- 
raced drops and also with the rodlets previously referred to, the fluidity of 
smectic substances is much greater in the direction of the plane normal to 
the optical axis than in the direction of this axis. It might almost be said 
that the substance is liquid in the former direction and solid in the latter. 

All these properties indicate that smectic substances have the following 
structure : ; 

The very long rectilinear molecules are oriented in such a manner that 
their rectilinear axes of alignment are parallel. Around this direction they 
are furthermore turned in a random manner, whence arises the symmetry of 
revolution manifested by uniaxiality. In another way they dispose them- 
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selves by successive equidistant strata; in each of these strata they have no 
regular spatial distribution, but there exists in smectic substances something 
of the perfect periodicity of a crystal—that is, this single direction of equi- 
‘distant planes, in a certain measure analogous to the recticular planes of 
crystals. 

This hypothesis advanced on the basis of the reasons above mentioned, 
has received full and complete confirmation by X-ray diffraction tests carried 
out on soaps by M. de Broglie and G. Friedel. The plane normal to the 
optical axis reflects X-rays of sufficient wave length exactly as do the reticular 
planes of crystals. But here there is but one reflecting plane. They have 
measured by this means the distance between the planes of sodium oleate 
which is 43.5 A. U. in excellent accord with the measurements of Perrin and 
Wells. 

It must therefore be considered that the stratified structure of smectic 
substances is proven. It can be seen how far wide of the mark it was to call 
these bodies “Liquid Crystals.” This gave no idea of their properties nor 
of their structure, so different from those of crystals. They constitute an 
entirely distinct type of organization of matter. 


"Nematic STATE 


We must here distinguish two types that we shall call the true nematic 
and the cholesteric type. ; ab, 


True Nematic Type. 


These are. substances without rotatory power. Examples: Para-azoxy- 
phenetol between 135 and 165°, Para-azoxyanisol between 116 and 133°. 

Very often nematic substances are liquid, sometimes as fluid as any other 
kind of amorphous liquid. They can therefore pass through all degrees of 
consistency more or less solid without undergoing any change of structures. 

1. Homogeneous areas.—As in the smectic state, it is possible, by taking 
suitable precautions, to obtain large homogeneous areas by fusing the crystals 
between glass slides. These areas, whose limits are those of the initial crys- 
tals, are in this case too always positively uniaxial. But they differ greatly in 
character from the analogous areas of smectic substances. 

Firstly, the nematic liquid, when it is quite fluid, is in continuous motion, 
without showing any change in its birefringence. Between Nicols they 
appear to be large entirely stationary crystals having their directions of 
extinction, their birefringence (enormous in the two substances referred to) 
perfectly constant, and yet it can easily be seen that all kinds of tides may 
sweep over these areas. Again and again molecules which enter an area in- 
stantly acquire the orientation that characterizes this area. Nothing similar 
exists in smectic substances. 

The orientation of each area is determined by the two superficial pellicles 
adherent to the glass, which confine the preparation. In certain substances 
e.g., the two mentioned, these pellicles are of extraordinary persistence even 
at a temperature where the mass has long since passed over either to the 
amorphous or the crystalline state. For in returning to the smectic state after 
fusion, for example to an amorphous liquid, these areas are found at the same 
places with the same limits and the same optical properties. This persistence 
of superficial pellicles varies greatly, however, from one substance to another 
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Upon displacing the two glasses with respect to each other, the areas prac- 
ically double, each one of the pellicles sticking to its glass (Figs. 10-11).* 
Then, whether the glasses have turned with respect to each other or not, 
whenever an upper area overlaps one of another orientation, there appears a 
wisted area. The curious optic properties of these areas, described by G. 
Friedel and Grandjean, have been explained by Mauguin. They show that 
he liquid in its mass connects the two pellicles with an even helicoidal torsion. 
And this, it must be recalled, in a liquid which is or may be constantly agi- 
ated and whose molecules at each point renew themselves ceaselessly. This 
s not one of the least surprising facts presented by the world of mesomorphic 


71Gs. 10-11—Crossed Nichols, X 25. Azoxyphenetol, between glass slides treated with 
hydrofluoric acid. 


Fre, 10.—Firm crystal border. Fic. 11.—The same preparation, melted to 
the nematic state, after slight relative 
displacement of the glasses. Each crys- 
tal border has given rise to a homo- 
geneous nematic border. The displace- 
ment has produced a double limit to the 
borders, one being attached to the lower 
glass, the other to the upper glass. Be- 
tween these limits there are now twisted 
borders. 


substances, so marvelous and so rich in surprises. The torsion here men- 
tioned must not be confused with mechanical torsion, for a twist of 360° is 
here equivalent to no torsion at all. 

Homogeneous areas may also arise by homeotropy, exactly as with 
smectic substances. This is, in fact, a property which is also found in soft 
crystalline substances and which is not peculiar to mesomorphic bodies. 
Homeotropy is often spontaneously produced at a certain temperature and 
has created the belief that a new phase has appeared. 

Nematic substances never exhibit terraced areas. 

2. Thread structure -—When they are not in homogeneous areas, nematic 
substances assume a special structure which corresponds to the conical struc- 
ture of smectic substances. This is the thread structure that is sometimes 
observed pure alone, and occasionally associated with homogeneous areas in 


* Fig. 10—Crystalline azoxyphenetole. Fig. 11—The same preparation in nematic state, after a 
smal] relative displacement of the glasy slides. 
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a more or less confused manner. Visible in natural light as well as between 
Nicols, black threads can be perceived in the mass and they look like the 
conics of smectic substances, but have no simple geometrical form. These 
threads, as Grandjean has shown, are axes of revolution of the structure 
towards which the optical axes converge, or around which these axes revolve. 
Occasionally they adhere to the glass, and are thus immovable. Often they are 
fastened only by their extremities, and in this case, carried by the movements 
of the liquid, they become deformed, lengthen or shorten themselves con- 
tinuously. When’ they are entirely immersed in the liquid they close up and 
form a ring which contracts and disappears without leaving any trace. 
Difficult to.study under this form on account of their mobility, the threads 
can be more closely examined in what may be called the nuclear structure. 


Imes, WA oS oe 


Fic. 12.—Natural illumination, Note two Fic. 13—The same preparation, seen be- 


kinds of “complete nuclei”: “fixed” nu- 
clei, with a gray circular penumbra, and 
“twirling” nuclei, with a gray quad- 
rangular penumbra having rounded 
angles. ‘‘Demi-nuclei” appear merely as 
black points. 


tween crossed Nichols. The same nuclei 
are seen, but they now are united by 
black bands; and the complete nuclei 
are now seen (crosses with four arms), 
as well as the demi-nuclei (with two 
branches). 


This structure is obtained by taking suitable precaution, and different sub- 
stances vary in the ease with which it may be obtained. The threads dispose 
themselves normally to the preparation, fixed to the glass by their two 
extremities. They appear as small nuclei surrounded, in natural light, by a 
clearly defined gray area (Fig. 12) and showing between Nicols (Fig. LSE 
two black brushes diverging from the center of the nucleus. From each of 
these, between Nicols, there run two or four black bands which, when the 
preparation is turned, sweep its whole surface and which connect the several 
nuclei. There are four kinds of nuclei. And as is the case with the conics 
of smectic substances, they are governed by a curious geometry, entirely 
different from that observed in smectic substances. There are in the first 
place nuclei with four branches (complete fixed nucleus) whose four 
branches when the preparation rotated between Nicols, remain fixed. Then 
there are others with four equal branches (complete rotatable nuclei) whose 
* Fig, 183—Same preparation as Fig. 12. 
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branches, when the preparation is rotated between Nicols, turn in the same 
direction and with double the angular rotation. In ordinary light, the former 
have a gray circular halo, the latter a square or rectangular halo with rounded 
angles (Fig. 12). In addition there exist two corresponding types of nuclei 
with only two branches, one fixed, the other rotating (demi-nuclei). If the 
former two types are designated + 2 and — 2, and the latter two +1 and 
— 1, the following laws are observed: 

_ 1°. Two nuclei or demi-nuclei, joined by a black branch, are always of 
contrary signs. 

2°. If, by moving the preparation, nuclei are made to appear or disap- 
pear, the algebraic sum of their indices is always zero. ; 

3°. Only those conjunctions are possible in which the absolute value of 
the sum of the indices is at the most equal to 2. And the result of the con- 
junction is given by that sum. Therefore, two complete nuclei of the same 
kind will never unite. But, on the other hand, the conjunction of a complete 
fixed nucleus with a complete rotatable nucleus, causes the disappearance of 
both (+ 2—2=0); the conjunction of a complete fixed nucleus with a 
rotating demi-nucleus gives a fixed demi-nucleus (+ 2—1—=-4+ 1), etc. 

There is here involved a geometry of arrangement resulting from the 
fact that the threads are axes of rotation of the structure, which has four 
different modes of rotation. About the complete fixed nuclei, the principal 
sections revolve in the same direction and at the same angle as does the 
vector ray issuing from the nucleus; around the complete rotating nuclei they 
revolve at the same angle and in an inverse direction. About the demi-nuclei 
‘they revolve only 180° for a whole turn of the vector ray in one direction or 
the other. if 

_ 3. Drops—When the amorphous state becomes nematic through lowering 
of the temperature, the nematic phase appears in the shape of drops which 
are always spherical, and no longer as rodlets, as is the case with the smectic 
phase. That is to say that the capillary constant, as is the case with amor- 
phous bodies, does not vary with the direction. This leads to the conclusion 
that, as in amorphous bodies, the molecules have no regular spatial distribu- 
tion, but are distributed at random. 

4. Orientation by crystals—In the numerous cases tried, nematic sub- 
stances have always been oriented by any crystal. The orientation of the 
molecules of the nematic substance by the molecular field of the crystal is no 
longer, as with smectic substances, and still more markedly with crystals, 
limited by the matching of the two periods. This is further evidence that 
there is nothing periodical in nematic substances. 

5. Brownian movements of the optical axes——A curious property of 
nematic substances when they are sufficiently fluid, consists in this: When, 
by homeotropy, for example, there is obtained an area whose optical axis is nor- 
mal to the preparation and which consequently appears black between crossed 
Nicols, this area is not uniformly black. It appears agitated by a perpetual 
scintillation of luminous points. Upon touching the cover glass the prepara- 
tion is traversed by a lightning-like flash, the regular homeotropic structure 
being momentarily disturbed. This scintillation as Mauguin has shown, is 
merely the same phenomenon, though much localized, as that produced by 
thermal agitation. It increases when the temperature is raised and becomes 
imperceptible at low temperatures or when the viscosity of the liquid is too 
high. It is sometimes violent enough to be seen throughout the whole prepara- 


tion even in the nuclear areas. 
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6. Action of the magnetic or the electric field—A_ strong enough mag- 
netic field orients nematic substances, so that the optical axis aligns itself 
parallel to the field. In the electrostatic field, the optical axis aligns itself 
normally to the field and there appears a vast number of threads parallel to 
the field. A magnetic field parallel to the optical axis diminishes or even stops 
the Brownian movement of the axis, evidently forcing the molecules to main- 
tain their orientation better. Up to the present, no one has demonstrated 
any action of the magnetic field on smectic substances or on cholesteric-like 
substances, which no available field has as yet been able to untwist. 

Considering these properties all in all, we are struck by the lack of the 
reasons which led us to conclude that smectic substances have a stratified dis- 
tribution of molecules. Besides, the diffraction of X-rays, tried by different 
observers, has given entirely negative results. The high birefringence and 
the uniaxiality of nematic substances lead us to assume that with them, as 
with smectic substances, the molecules have a direction of common arrange- 
ment around which they occupy random azimuths. But the spatial distribu- 
tion of the homologous points of these molecules is a haphazard distribution, 
as in an amorphous body. The nematic substance is, so to say, an amorphous 
substance whose molecules are mutually oriented in such a manner as to 
have a common direction, probably that of their length. This is in perfect 
agreement with what chemistry teaches us regarding the shape of these very 
long and rectilinear molecules. It is hardly imaginable how molecules in the 
shape of long needles could arrange themselves, so that the ensemble has the 
usual density, unless the long axes of the needles be parallel. Thermal 
agitation determines only oscillations around this position of parallelism. It 
is possible that, when the substance passes to the amorphous state, the mole- 
cules lose their rigidity and become all tangled up. This would explain the 
sudden increase of viscosity verified by Schenck in the passage from the 
nematic to the amorphous state. 

L. Royer has shown that this structural hypothesis is confirmed by the 
application of Langevin’s theory concerning magnetic birefringence, from 
measurements made on the indices of nematic substances. It seems then 
proved that the birefringence of the nematic substances, as well as that of 
amorphous liquids under the action of the magnetic field, is due only to the 
orientation of the molecules. The difference is that in magnetic birefrin- 
gence the orientation is always very imperfect so that the birefringence is 
very small, while with nematic substances the orientation of the molecules 
under the action of the field, determined by their mutual actions, is almost 
perfect and the birefringence is considerable. It is all the more remarkable 
that the same theory explains two groups of facts whose order of size are so 
different. 

T would again insist on the striking order which is introduced into this 
aggregation of facts so confused up to the present. 

Let us start from the crystalline state usually found at low temperatures, in 
which the atomic or molecular elements are arranged in perfect order, almost 
immobile, thermal agitation results only in very minute oscillations aro a 
fixed positions. As the temperature, that is to say, the thermal a ace 
increases, there comes a point where the crystalline order is oe The 
molecules acquire one degree of freedom; they are, however constrai d a 
a distribution on equidistant surfaces * which still recalls to some oe aye 
perfect periodicity of the crystal ; but on these surfaces they no nnreeriene 
definite positions, and this constitutes a first appearance of amorphous dis- 


* Somewhat like skaters on ice. J. A, 
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order: we have the smectic state. Then as the temperature increases again, 
there is another rupture of bonds; all regular spatial distribution disappears ; 
from the crystalline order remains only the mutual orientation of the long 
axes of the molecules: we have the nematic state. Finally at a still higher 
temperature the thermal agitation has mastered all the bonds that determine 
the crystalline order, there is neither distribution nor orientation of the mole- 
cules: we have the amorphous state. 


Cholesteric Type.* 


This type, which is that of negative mesomorphic substances, has long re- 
mained an enigma. Now it is known to be a special form taken by nematic 
substances when their asymmetry is connected with rotatory power. The addi- 
tion of a substance having rotatory power, to. a nematic substance, transforms 
its nematic phase into a cholesteric phase and there is continuous transition 
between these two types. 

Examples: The greater part of the cholesterine salts (but not, for 
example, the oleate or the stearate which have but one smectic phase) amyl 
cyanobenzalaminochinnamate (called for short: cyanobenzal) ; numerous mix- 
tures of nematic substances with substances having asymmetric molecules. 

In substances that present two mesomorphic phases, the phase existing at 
the lower temperature is always smectic; that which is stable at the higher 
temperature is either truly nematic or cholesteric. In no case does a same 
substance (pure or mixed) exhibit a nematic and a cholesteric phase. There- 
fore, whereas the smectic phase keeps its identity, the nematic and the chol- 
esteric phases mutually replace each other. This is one reason for believing 
that the cholesteric phase is simply a special form of the nematic phase. 

The cholesteric substances may show two distinct structures, so differ- 
ent in aspect that they have often been taken for different phases. 

1. Conic structure —This is obtained in general by chilling the isotropic 
liquid between two perfectly immobilized glasses. With some substances, like 
cyanobenzal, it undergoes spontaneous change, and becomes‘an ordered struc- 
ture. With others it persists, providing the support remains steady, through- 
out the whole domain of stability of the cholesteric phase. But in general, 
if the cover glass is shaken, it transforms into an ordered structure. 

A remarkable example of this transformation is that of the mixture of 
azoxyphenetol and cholesterine benzoate. When chilled between two motion- 
less glasses, these mixtures maintain the conic form. If the cover glass be 
moved ever so slightly everything suddenly changes: The ordered structure 
appears abruptly and with it the enormous rotatory power and the reflection 
of magnificent colors. But the points of transformation remain where they 
are; there is no change of phase, but only a change of structure which brings 
it nearer to what is observed in the homeotropy of smectic or true nematic 
substances. 

When in the conic form, cholesteric substances appear quite like smectic 
ones, with the same arrangement of focal conics. But the optical sign is 
negative without exception, while it is positive in all other mesomorphic sub- 
stances. There is no trace either of the enormous rotatory power, per- 
ceptible in the thickness of a microscope slide, nor is there any reflection of 


colors. 

* The classification of Lehmann generally adopted in Germany and based on fluidity, combines 
smectic and the cholesteric substances under the name of Fliessende or Schleimig-fliissige Kristalle, 
and disposes of true nematic substances under the name of Flissige Tropfbar-fliissige Kristalle. 
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2. Structure of Grandjean’s Planes.—Whether produced spontaneously 
or as the result of movement impressed upon the cover glass, like the home- 
otropy of the other mesomorphic substances, ordered structures show the fol- 
lowing principal characteristics : 


A. Diffusion of colors—The preparation illuminated by ordinary 
white light diffuses bright colors analogous to those of peacock feathers 
or Lippmann’s photographic plates. Giesel discovered that this colored 
light is circularly polarized. This divides the cholesteric-like substances 
into two classes: Dextro-rotary substances, diffusing light circularly 
polarized to the right (cyanobenzal, cholesterine chloride) and left- 
handed substances, diffusing light circularly polarized to the left (most 
of the other cholesterine salts). 


f'tc. 14—Crossed Nichols, X 30. Amyl cyanobenzalaminocinna i 

: Is, : mate, ch 

in a crevice Of a thin sheet of mica, the Nichols being turned Di erkpest sian 
the mica, “Grandjean’s planes” in perfect regularity are seen in thinnest part of 
the crevice, and become invisible in the thick part, where the structure is disturbed 
by “oily striz’”’ (which were displaced in the course of focusing). : 


_ The color diffused is not monochromatic but presents a maximum of 
intensity for a certain wave length L. This wave length L varies accord 

ing to the two angles made with the normal to the preparation, by tl : 
illuminating and the observed rays. It goes from red towards violet in 
passing from normal incidence to grazing incidence. ot 
'  B. Planes of Grandjean.—The substance appears to be divided 
in strata by surfaces which in the crack of a thin piece of ites fe 

example; appear as equidistant planes (Fig. 14). These planes can at 
be easily seen, except when they are cut by the faces of an exceedi ot 

sharp prism as in the case of a crack in a cleavage face. As see 
they cut the surface of the preparation at a considerable ang ree he 
majority of cases they are no longer seen, because the ee tc is i - 
together. Their distance apart is, in the cyanobenzal for eer a 

a ’ 
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order of 2000 A. U. and varies with different substances from 1000 to 
several tens of thousands A. U. When they are far apart, as, for example, 
in mixtures of nematic substances and rosin, they are readily visible in 
all their orientations and even in the conic structure; it is therefore 
obvious that they play in this structure exactly the same rdle as do the 
equidistant planes spaced at molecular distances, in smectic substances, 
and like them they curve in Dupin’s cycloids. There is no doubt, there- 
fore, that in the cholesteric substances as in smectic ones, the conic 
structure is determined by the existence, in the mass of the body, of 
equidistant surfaces. But while in smectic bodies the distances of these 
surfaces are of molecular order, some of 44 A. U. in the alkaline oleates 
for example, in the cholesteric substances there is stratification at much 
greater distances apart, approximately several thousands or tens of thou- 
sands of A. U. 

The planes of Grandjean show optical properties extremely singular 
and as yet unexplained. They reflect, nonselectively, one of the circular 
vibrations, the right in the case of dextro-rotatory substances, the left 
with the levo-rotatory ones. The other circular vibration traverses them 
without any modification. Interferences due to equidistance of the 
planes color the reflected circular light, exactly as in the Lippmann 
photographic plates. Both qualitatively and quantitatively can thus be 
explained in a very satisfactory manner the composition of reflected 
light, according to the variation of incidence. But the cause of the re- 
flection of a circular vibration still eludes us. One is tempted to believe 
that the planes of Grandjean, which certainly are periodic discontinuities 
of structure, behave as though they were material having for one of the 
circular rays a different index from that of the rest of the mass. But 
this is not the case. The reflection of the circular ray at the planes is, 
in fact, very different from ordinary reflection. It presents the entirely 
new characteristic that the right-handed vibration, reflected by the planes 
of a dextro-rotatory body, remain right handed after reflection. In 
ordinary reflection the reverse takes place, a right-handed vibration is 
reflected as left-handed. This is a curious enigma that can be solved 
only when the structure of cholesteric substances, which is still ob- 
scure, is known, as well as the nature of the planes of Grandjean. It is 
necessary to add that the planes of Grandjean are not the only detail of 
the visible structure. When the superior surface is free, comma-shaped 
designs (also discovered by Grandjean) can be seen forming lines be- 
tween the edges of the planes (Fig. 15). These turn their concavity 
always in the same way for dextro-rotatory bodies and in a reverse manner 
for levo-rotatory ones. Under like conditions the intervals between the 
edges of the planes are each marked with a black fringe visible between 
Nicols; and, when the preparation is turned, it is displaced in one sense 
for dextro-rotatory bodies and in reverse sense for levo-rotatory ones 
(mobile fringes). The existence of these mobile fringes has been com- 
pletely explained by the discovery of the reflection of the circular ray 
without change in its direction of rotation. 

C. Rotatory power.—Finally, when in the plane form, cholesteric 
substances show an enormous rotatory power, out of all proportion to 
the rotatory power found elsewhere and reaching as high as 400 turns per 
millimeter. This rotatory power bears no relation to the molecular 
rotatory power of the substance in the amorphous or dissolved form. It 
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bears a direct relation to the plane rants and particularly to the 
orsion that this structure involves. 
ieTheaciee relation that exists between the rotatory power and the 
plane structure is demonstrated by the fact that the rotatory hee 
changes in the same sense as the length of the L wave reflectes tae 
maximum intensity. When the incidence is varying, if L also varies, the 
length of the wave of inversion of the rotatory power varies at the same 
time. This inversion has moreover exactly the same characteristics for 
all cholesteric substances: Starting with the ultraviolet, the rotatory 


power, which is right for dextro-rotatory substances and left for the 


Fig. 15. X 350. Amyl cyanobenzalaminocinnamate, cholesteric phase; very thin layer, 
melted on a sheet of talc. The specimen is seen through a right-handed circular 
analyzer, which gives maximum clearness to the mobile fringes and the commas. 
The borders of Grandjean’s planes are not visible under these conditions. There 
is just one fringe and one line of commas between each pair of planes. Maximum 
thickness is at the two dark areas where the fringes and the lines of commas are 


serrated; minimum thickness is at the light areas where the fringes and lines of 
commas spread apart. 


levo-rotatory, diminishes, then presents a minimum from which it in- 
creases rapidly towards the length of the L wave. In the vicinity of L, 
without showing any tendency of diminishing, it ceases to exist in a certain 
band on both sides of L. From the red side it reappears, changed in 
its sense of rotation (left for dextro-rotatory bodies, and diminishes 
rapidly towards the infrared). There are substances for which T. is 
beyond the visible spectrum and which, consequently, do not reflect visible 
colors. 

Thus, even though the wave lengths in the neighborhood of L act 
almost like an absorption-band, neither the rotatory power, the absorption 
nor the inversion are in this case molecular phenomena, 


) They are in 
accord solely with the structure whose essential feature is 


the existence 
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of the planes of Grandjean, and not with an absorption but with the 
diffusion of the circular vibration by these planes. 

The theory of Mauguin relative to optical properties of the twisted 
areas of nematic substances makes it evident that when the twisting is 
very marked, of the order of 100 or 1000 turns per millimeter for ex- 
ample, the properties of these areas will no longer be those that are 
observed in the slightly twisted areas of true nematic bodies. Therefore 
a real rotatory power of the ordinary type must appear and this rotatory 
power, paradoxical as it may seem, must be greater in proportion as the 
twisting is less. When the twisting diminishes beyond a certain limit the 
rotatory power, without diminishing its intensity, ceases to manifest itself 
under the ordinary form, in that the body does not divide the incident 
vibrations into two circular vibrations but into two elliptical vibrations. 
When the twisting becomes slight enough, the two vibrations become 
appreciably rectilinear, and thus we pass to the case of Mauguin’s twisted 
areas. But so long as the rotatory power exists in the simple form, with 
division of incident light in two visibly circular vibrations, it is greater 
in proportion as the twisting is weaker. 

Now, this is precisely the character that is recognized by the study of 
mixtures in the rotatory power of the cholesteric substances. On mix- 
ing a true nematic substance in decreasing proportions with a substance 
having rotatory power, for example a cholesteric body, the rotatory power 
is seen to increase more and more. Without being able as yet to state 
precisely the details of the plane structure of Grandjean, we are thus 
led to consider it as involving, in one way or another, extremely powerful 
torsion, which is stronger when the, planes are closer together and which 
takes place about the normal to these planes. It seems that between 
plane and plane, the torsion is constant, but it is not yet possible precisely 
to estimate its value, probably 90°, perhaps twice that. 

This torsion which must be left in the dextro substances and right 
in levo-rotatory ones, while accounting for the rotatory power, also 
explains the remarkable fact of the negative sign of cholesteric sub- 
stances. 

Under certain exceptional circumstances we can observe a thin layer 
of a cholesteric substance whose thickness may be materially less than 
the distance between the planes. In this case the torsion is negligible. 
The substance then appears to be identical with ordinary nematic sub- 
stances with a nuclear structure and the true optical sign appears: It 
is positive, as with true nematic substances, and the optical axes are 
parallel to the plane of the preparation, that is to say, parallel to the 
planes of Grandjean. It is comprehensible that a torsion about a normal 
to these planes, while determining the formation of an uniaxial edifice 
whose optical axis is normal to the planes, at the same time gives rise 
to a negative edifice, the torsion following a normal to the positive 
optical axis of the element. It is for this reason that all cholesteric sub- 
stances, and these only among mesomorphic substances, have a negative 
sign. In reality the optical sign of the element is positive in all the known 
mesomorphic bodies. 

Study of mixtures has recently entirely confirmed these views. It 
has shown first that on mixing with a cholesteric substance increasing 
proportions of an ordinary nematic substance, it acquires gradually, 
without showing any limit, the properties of true nematic substances. 
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Extremely small quantities of cholesteric substances: (less than one per 
cent, for example) suffice to maintain the properties as those of the 
cholesteric type. But even with small proportions, it always ends by 
passing without discontinuity, from the cholesteric type to a nematic type 
in which can be observed only Mauguin’s areas with weak systematic 
torsion, and then finally to the simple nematic type. There is nothing 
like it in mixtures of cholesteric and smectic substances. These two 
types are always separated by a discontinuity. It is therefore definitely 
proved that the nematic and cholesteric types are but two aspects of the 
same type and that Lehmann was wrong when he classed cholesterol with 
smectic substances. The usual pasty consistency of cholesteric sub- 
stances, probably a consequence of their twisted structure, is of an 
altogether secondary character. Besides, X-ray examination is, by itself 
alone, convincing: Like nematic substances, cholesteric substances do 
not diffract X-rays. The wave lengths of the visible spectrum alone are 
diffracted. Between their stratification and that of smectic substances 
there is the same difference in order of size that there is between the 
wave lengths of X-ray and those of the visible spectrum. As molecular 
structures, they do not differ from nematic substances. 

Mixtures of a dextro substance (cyanobenzal) and of a levo substance 
(cholesterine benzoate) are also very instructive. They have allowed us, 
so to say, to untwist a cholesteric substance and to prove that it then 
becomes an ordinary nematic substance. For each proportion of this 
mixture there is a temperature T for which the mixture, dextro-rotatory 
below T, becomes levo-rotatory above. The temperature T is higher in 
proportion as the percentage of the dextro-rotatory substance is greater. 
Between two determined limits (2.25 to 3 parts of cyanobenzal to 1 of 
benzoate) the temperature T is included within the interval of stability 
of the cholesteric phase. For a mixture of 2.5 or 2.75 parts of cyano- 
benzal and 1 of benzoate, on increasing the temperature, a cholesteric 
dextro-rotatory substance is first seen, Then as T is approached 
Grandjean’s planes gradually spread apart, and the commas disappear. 
When the temperature T is reached, the planes have disappeared, as 
have also the commas and the movable fringes and there is no longer 
any rotatory power: The substance has become a simple nematic body 
in which the positive optical axes are parallel to the plane of the prepara- 
tion. But as soon as the temperature T is exceeded, the planes reappear 
also the commas, the movable fringes and the rotatory power; aNd the 
planes now reflect the left vibration, the commas and the movable frin res 
take the characters that they have in levo substances—the rotator < je 
has changed its direction. The dextro substance has become ievOu OL Ane 
It seems therefore very clear that between dextro and levo substan oS 
wee is but a difference in the direction of twisting and that cheleee 
Seen es thus untwisted at the pom T, are simply of the true 

To sum up this very incomplete examination of 
of the mesomorphic forms, there is added 
organization 
dilution). 


the properties 
a table of the states of the 
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1. Crystalline State. (One or many, separated by discontinuities.) 
Discontinuity T,. 
2. Smectic State. (Sign +) 
Discontinuity T.. 
3. Nematic State. 
A. True nematic state. No rotatory power. Sign +. 
B. Cholesteric state. Rotatory power. Apparent sign —. 
a. Dextro-rotatory. Right-handed twisting. Reflection of the 
_ right-handed circular ray. 
b. Levo-rotatory. Left-handed twisting. Reflection of the 
left-handed ray. 
Discontinuity Ts. 
4. Amorphous State. 


Mesomorphous States 
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Colloids as One Phase Systems 


By E. H. Bucuner, Ph.D., 
Lecturer in Inorganic and Physical Chemistry, University of Amsterdam 


Van’t Hoff once expressed the opinion that the word “phase” was used 
far too extensively; it became a habit, he said, to speak of a liquid phase, 
a solid phase, where one might have employed just as well the expression a 
liquid or a solid substance. 

Similarly, it appears, the word phase is nowadays abused in colloid chem- 
istry, and the impression is given that the notion phase might be of outstand- 
ing importance in this branch of science. I propose to show in this article 
that such is not the case, since it proves impossible to make out whether a 
colloid is composed of one or two phases: in fact, both conceptions are equally 
justified and no conclusive reasons have ever been given in favor of either of 
them. 

The most characteristic point of the phase doctrine is that it enables us 
to classify every system of substances according to the number of com- 
ponents and phases, and to draw the limits of the fields of existence of the 
different phase complexcs. The last problem, however, very seldom appears. 
in colloid chemistry, since new phases only rarely arise. The freezing of sols 
and gels, and the equilibrium of hydrogels with water vapor may be given 
as examples. Therefore, the application of the phase rule proper will be of 
value in a few cases only. As to the first question, the classification of sys- 
tems, it is clear that the number of phases constitutes the ruling factor and, 
therefore, must be unequivocally defined before going further. 

It is quite generally assumed that in sols and gels two phases must be dis- 
tinguished, whereas only a few authors contend that they may be considered 
as one phase systems. It appears, however, that the first supposition has 
been reached rather by generalization and extrapolation than on substantial 
grounds. The supporters of this conception argue as follows: Sand and water 
form two phases, since they are mechanically separable, e.g., by filtration. 
If we grind the sand to a finer powder, we do not detect any potnt where 
the number of phases would suddenly be diminished by one. If we take a 
substance like barium sulfate, which may be obtained in still smaller particles, 
we find that it goes through the filter, that it does not settle to the bottom, 
etc. The barium sulfate and the water now seem to be mechanically in- 
separable, but on closer inspection, we find that by taking filters with smaller 
pores, by using centrifugal force, etc., the two substances may, however 
be separated. Thus, in this case too, we may speak of two phases. ean 
since these systems diffract the light and are therefore optically inhomarene: 
ous, the broad generalization was reached that all systems with the ‘same 
property were to be considered as two phase systems.* In order to examine 
whether this conclusion is justified, it will be necessary to analyze first of 
all the meaning of the notion “phase.” 


*We shall see later on that some authors (Bary, for instance) h : 
receded from this opinion for a part of the colloid systems. ©) have more or less definitely 
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THE Concert “PHASE” 


The most important point in the above reasoning is heterogeneity: in fact, 
we find many authors stating that a system consists of two phases, because 
it 1s heterogeneous.t_ Here confusion arose; it might have been avoided 
if one had generally realized that the word heterogeneous has only a rela- 
tive and not an absolute meaning. In the definition of the idea phase, it 
has therefore to be taken in a relative sense, as has been already clearly 
explained by Bakhuis Roozeboom? and Perrin. The founder of the phase 
notion, Gibbs, wrote: * “in considering the different homogeneous bodies which 
can be formed of any set of component substances, it will be convenient to 
have a term which shall refer solely to the composition and thermodynamic 
state of any such body without regard to its quantity or form. We may 
call such bodies as differ in composition or state, phases. (By homogeneous 
is meant that the part in question is uniform throughout, in chemical and 
physical state.*)” Thus, a phase is a part of a system, in which definite 
values may be assigned to the variables determining the state of the system, 
as pressure, temperature, concentration.® This can only be done, if such a 
phase contains a very great number of molecules, either at one moment or 
within a very short time, and if the velocities of these molecules are dis- 
tributed according to Maxwell’s law. Of course these definitions are entirely 
thermodynamical and for practical use other ones have been introduced. Wil- 
helm Ostwald* and Findlay ® consider phases to be different portions of a 
system, each in itself homogeneous, but marked off in space and separated from 
the other portions by bounding surfaces. It is significant that both authors 
felt the need of adding the last phrase, to which Findlay joins in addition the 
words “mechanically separable.” They clearly intended to give the name phase 
only to parts of certain dimensions and to exclude the possibility of consider- 
ing one molecule as a phase. 

Bakhuis Roozeboom gives the definitions: phases are the different modes 
of appearance, each in itself homogeneous, exhibited by a number of sub- 
stances which are brought together. Perrin writes: “if two regions in space 
are filled with a homogeneous substance, which is identical for both volumes, 
these masses of matter are said to belong to the same phase.” So, these 
authors too state explicitly that a phase should be hemogeneous, but preceding 
remarks on the significance of this expression contain the clue to the prob- 
lem. Homogeneity is only possible, says Roozeboom, on account of the 
smallness of the molecules and the roughness of our methods of observation. 
Every time we make use of the molecular theory, declares Perrin, we admit 
that no rigorously homogeneous substance exists. Strictly speaking, we should 
have to consider a sugar solution or even the air as heterogeneous and as a 
two phase system, since it would be possible to indicate very small parts of 
space, which would contain only water and only sugar molecules, or only 
nitrogen or oxygen molecules. Therefore we must realize that a system may 
be at the same time homogeneous and heterogeneous according to the stand- 
point that we take.* If we can divide a certain volume of a solution in small 
parts which are all alike, we may call and do call the solution homogeneous, 
even though the parts themselves are not homogeneous. In the same manner 
we may deal with a quantity of water, in which some oil has been dispersed 
into small drops, having a diameter of, say, one micron and remaining at a 
distance of ore from each other. If we divide this emulsion into cubes 


* Zsigmondy also stressed this view. See “Colloids and the Ultramicroscope” (“Zur Erkenntnis 
der Kolloide’). J. A. 
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having a length of two w, every cube will contain one oil drop surrounded 
by water molecules. All cubes will be identical; the emulsion may be called 
homogeneous, but the cubes themselves may not. One may, on the other 
hand, imagine a glass of water with only one oil drop floating in it: this sys- 
tem will necessarily be heterogeneous, because it can be divided only into 
non-identical parts. Therefore, if only the different identical parts into which 
the system may be divided are sufficiently numerous, the system may be con- 
sidered as homogeneous; in many cases it must be, if we are not to fall into 
inextricable difficulties. Even when we take thousands of glass bulbs and 
have them floating in a large basin filled with a liquid, the whole might be 
taken for a homogeneous system by giants who would not be able to discern 
at once the difference of various parts and to observe the dimensions of the 
bulbs. 

We might introduce, as Bredig has proposed, the expression micro- 
heterogeneous, meaning thereby that the dimensions of the different parts are 
very small with regard to those of the system as a whole; but not much will 
be gained by doing so. 

Returning to our starting point, we conclude that when defining the word 
phase, homogeneous must be taken in the relative and not in the absolute 
sense, as the majority of colloid chemists seem to think. An emulsion of oil 
in water may be considered as one phase, although it is strictly speaking 
heterogeneous. A fortiori a colloid, like egg white or gold sol or a gelatin 
jelly, may be regarded as forming one phase. 

The general acceptation of the belief, that a system consists of two phases 
because it is heterogeneous, is all the more surprising, since we know of 
two other cases, in which a heterogeneous system is regarded as composed of 
one phase only. In the first place, the critical phase may be mentioned which 
arises on heating a liquid in a closed tube—or two only partially miscible 
liquids—until the meniscus disappears; it is characterized by a more or less 
marked blueish opalescence, which is observable until a few degrees above 
the critical temperature. This opalescence indicates doubtless an optical 
heterogeneity, due to the fact that the molecules are not uniformly distributed. 
As Kamerlingh Onnes, Keesom, von Smoluchowski, Einstein,* and others have 
shown, there occur in this state accumulations and rarefactions of molecules, 
varying according to time and space, and leading to the temporary forma- 
tion of tiny volumes of greater or smaller density. These volumes, which 
are even to be found in ordinary gases, are in the critical phase sufficiently 
large, and contain a sufficient number of molecules to cause a visible hetero- 
geneity. Although the system is therefore certainly heterogeneous in the 
absolute sense, nobody has thought of considering it as consisting of two 
phases.? In the second place, attention may be drawn to the liquid crystals. 
It is well known that these are partly turbid liquids and that Tammann on 
this account thought them to be emulsions. De Kock, Miss Prins, Treub, how- 
ever, proved beyond doubt that they consist of one phase only. These authors, 
in fact, showed that liquid crystals form mixed crystals with each other and 
with normal solid substances; all systems behave with regard to the phase 
rule exactly so as ordinary mixed crystals and are therefore one phase sys- 
tems. Friedel,“ + who calls them mesomorphic states, also adheres to this 
view. Nevertheless, their turbidity shows them to be heterogeneous. So we 
find another instance of systems, which are at the same time heterogeneous 


* See paper by A. Einstein, this volume. J. A. 
{ See paper by G. Friedel, this volume. J. A. 


COLLOIDS AS ONE PHASE SYSTEMS 129 


and one phase ; the explanation of the turbidity is given by Friedel, who shows 
it to be due to the birefringence in connection with the rapid variation of 
the optical orientation from one point to the other.14 All this only corroborates 
our opinion that strictly heterogeneous systems, like emulsions, colloids, etc., 
may without difficulty be considered as one phase systems. 


ARE THERE CONCLUSIVE ARGUMENTS IN Favor oF THE Two Puase THEORY? 


Apart from the heterogeneity, dealt with in the preceding section, several 
arguments have been thought to prove the two phase theory; we shall now 
consider them in some detail. 

_ Butschli*’ was the first to investigate the structure of a gel under the 
microscope and concluded from his observations that two phases were seen. 
However, the structure was at the very limit of visibility and could only be 
obtained by the use of special methods (e.g., the addition of alcohol or chromic 
acid), whereby the original substance is quite markedly altered as is already 
seen upon superficial inspection.* Biitschli’s observations are, therefore, of 
no value for the problem of the original colloid. Moreover, Zsigmondy and 
Bachmann ** have shown the true structure of the pure hydrogel to be much 
finer and observable only with the aid of the ultramicroscope. Even when 
using this instrument they found it impossible to resolve more concentrated 
jellies and they were only able to establish an amicroscopic. discontinuity by 
the observation of the Tyndall phenomenon. As we have seen, optical hetere- 
geneity does not prove a system to be a two phase one, the Tyndall phe- 
nomenon even occurring in sugar and other undoubtedly molecular solutions, 
if only the intensity of the incident light is sufficiently increased.™* 

Sir W. B. Hardy * has observed the separation of small drops when a 
watm mixture of gelatin, water and alcohol is cooled under the microscope. 
The same remark as above may be raised against this experiment, viz., alcohol 
changes the properties of the gelatin thoroughly. The argument is, however, 
completely invalidated when we consider the possibility of separating a mixture 
of alcohol and water into two layers by the addition of different salts, e.¢., 
potassium carbonate.'® Here, too, drops will be seen in the beginning, but 
nobody will consider the alcohol and water mixture a two phase system. 

Another experiment also made by Hardy is the following: If an agar agar 
jelly is compressed within a cloth, liquid is squeezed out. Hardy assumed 
the liquid, which contained a little agar, to be one of the two phases of the 
jelly, whereas the mass remaining in the cloth and composed of a more 
concentrated agar solution forms the second phase. This hypothesis, how- 
ever, is unproved, since no reason is given why water cannot be pressed out 
of the second phase also. The phenomenon may be as well taken as an 
analog of the osmotic experiment, in which a higher pressure than the osmotic 
pressure is exerted on a sugar solution contained in a porous pot with a semi- 
permeable membrane; water is, then, squeezed out in exactly the same way as 
in Hardy’s experiment. The only difference lies in the nature of the semi- 
permeable membrane: in the case of agar, the cloth acts as such. As in many 
other cases it does not work perfectly, but allows a little agar to pass; this is 
why Hardy finds the liquid pressed out contains some agar. These experi- 
ments therefore do not give conclusive evidence either. It may be remembered 
that Bancroft;*’ too, denies their demonstrative cogency. 


* Artefacts of this kind are what the microscope shows mainly, in ‘‘stained specimens, where the 
original structure is wrecked by methods which Bechhold characterizes as “cooking recipes,”’ The 
use of the dark field on untreated material often reveals unsuspected conditions and facts. J. 
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The fact that the diffusion velocity of salts in jellies is nearly the same 
as in water, has also been advanced as a proof for the two phase theory. 
However, this approximate equality holds only for jellies that are not too 
concentrated and for the chlorides of a great many metals; ** on the contrary, 
sulfates, acids and bases diffuse in jellies much slower than in water. It 
is clear, then, that we cannot explain this behavior in a simple way and con- 
tent ourselves by assuming that the diffusing salt moves through the water 
phase only. There are two possibilities: either the jelly substance, say gelatin, 
forms thin walls across the path of the salt, whereby its diffusion will be 
hindered, or the gelatin particles are uniformly distributed in the liquid like 
an ordinary solute. On the first alternative all salts should exhibit a dimin- 
ished diffusion velocity, on the second one there should be no change, unless 
when a specific action between gelatin and salt takes place, whereby it would 
be possible to account for the different behavior shown by various salts. 

One more argument has been adduced by Martin H. Fischer,*® who meas- 
ured the electrical resistance of gelatin-water mixtures at different tempera- 
tures and found that it increased on cooling. Especially in the region where 
the sol gelatinizes, the resistance increases very sharply. As the same phe- 
nomenon was detected on cooling a solution of phenol in water,?® Fischer con- 
cluded that both systems are comparable and that the increase of resistance 
in both systems is to be ascribed to the same cause, viz., the appearance of 
a new phase.* Apart from the very peculiar theory which he develops for 
the phenol-water system, which is not likely to meet the assent of physical 
chemists in general, it is clear that such far-reaching conclusions never may 
be drawn from an agreement like this, which might be explained in so many 
other ways. 


DIFFICULTIES OF THE Two PHASE THEORY 


If we accept the two phase theory, we have to take in account the sur- 
face tension which shows itself in every interface. Different opinions with 
regard to it have been expressed, which will be dealt with in the following 
in connection with the question how to apply the phase rule in colloid chem- 
istry. This has been a special subject of investigation." Since, according to 
Gibbs, the ordinary phase rule only holds so long as the phases are present 
in large masses, it seems that the rule needs to be altered, if it is to be used 
in colloidal systems. The number of variables increases by one or two; in 


the first place, by the specific phase surface, pULIACE ts, or Busca or by the 
m 


: ass volume ’ 
: TGS 
degree of dispersity dp (s surface, v volume) ,”* in the second place by a mag- 


nitude of the nature of a concentration, and defined either as: mass of the 
dispersed phase divided by mass of the dispersion medium, or as: the number 
of dispersed particles per c.c. Both definitions come to the same thing. viz 
the proportion of the quantities of the two phases. te 

This variable has been rightly introduced by Pawlaw and Tollman to 
account for the fact that the properties of a colloid like gelatin (for instance 
the vapor pressure) are considerably changed on adding or withdrawing a 
certain quantity of water, in complete contradiction to the behavior oneal 
ordinary two phase system, e.g., phenol-water, in which the addition of one 
of the components alters only the quantity of both phases, but does not 


*See paper by M. H. Fischer, Volume II of this series, Jam Ae 
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affect their compositions nor the equilibrium of the system. The conflict 
is particularly striking for those who lay stress on Hardy’s experiments with 
agar; they are obliged to admit that the composition of the two phases of an 
agar jelly varies according to the quantity of agar in the gel. It is clear, 
then, that in order to avoid violation of a fundamental principle of the phase 
rule, one more variable has to be introduced, whereby the number of degrees 
of freedom is also increased.?® 

_. With regard to the first extra variable mentioned above, it may be shown 
along different lines that it can be dispensed with in the equilibrium state. 
Then, Jonker remarks, the surface tension has a fixed value, implicitly given 
by the equations for the thermodynamic potentials; therefore it does not con- 
stitute an independent variable. The problem has been more lucidly treated 
by Tolman. In agreement with others, this investigator argues that a dis- 
persed system can never be in equilibrium, since there will always be a 
tendency to diminish the surface; the equilibrium state would, therefore, be 
one big drop floating in the dispersion medium. One exception, however, is 
admitted. If all drops or particles were of the same size, we would have 
an equilibrium state, although a metastable one, as any particle accidentally 
larger than the others would grow at the expense of the rest. This, of course, 
is quite true, but it seems to lead to a still farther reaching conclusion, 
namely that the equilibrium is even labile and that, therefore, such states 
never persist. 

If we do not take the view that.all colloidal systems are in a state of 
permanent evolution and never in equilibrium, a view to which the stability 
of so many sols is in apparent contradiction, we may resort to another ex- 
planation. As is well known, colloidal particles carry an electrical charge. 
Now, Sir J. J. Thomson °° has already proved that this charge will tend to in- 
crease the surface, thus counteracting the effect of the ordinary surface ten- 
sion; it may happen that for a certain size of the particles the resultant 
tension is zero.* If we assume that this point is reached in the stable sols, 
we see that these are in permanent equilibrium: they consist of particles all 
of equal size, but electrically charged. We arrive in this way at the same 
conclusion as above, namely that the surface tension in the equilibrium state 
does not need to be taken into consideration. Only one extra variable there- 
fore remains and consequently the phase rule takes the form F =n -+ 3— p. 

Practically this leads to the same result as when we consider: the colloid 
one phase and take only the normal variables, since in this case the rule holds 
F=n-+2—P, in which p is smaller by one than f in the first formula. So, 
the study of the equilibrium conditions will not enable us to decide upon the 
number of the phases in a colloidal system. The introduction, then, of a 
new variable and a modified phase rule seems to be an unnecessary complica- 
tion, due to the assumption of two phases. 

Positive evidence against the two phase theory has been adduced by 
Hatschek,2* who calculated, on certain theoretical suppositions as to the poly- 
hedral structure of a gel, the elongation caused in it by a known stress. When 
comparing the values obtained with those found experimentally by Bjerkens 
for gelatin and for rubber, complete disagreement appears. As no other 
physical structure than the one assumed seems possible, Hatschek declares that 
the two phase theory must be rejected. 

*For lyophilic colloids in which the electric charge does not seem to be absolutely necessary, 
Tolman assumes a negative tension which also would take the value zero at a fixed degree of 


dispersity. This force, however, could in my opinion lead only to complete disaggregation, t.e., 
molecular dispersion. 
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More difficulties arise, when we follow this conception to its consequences. 
Let us consider, for instance, Spiro’s observation ** that, if we add sodium 
sulfate to a casein sol, two liquid layers are formed, each containing water, 
sulfate and casein. Reasoning consistently, we must assume this system to be 
composed of four, in any event three phases, instead of two, since both casein- 
containing liquids, or at least the casein-rich one, are to be counted as two. 
Many instances like this may be given; we only recall the agar gel, dealt with 
before, which was divided seemingly into two phases, but in reality—from the 
standpoint of the supporters of the two phase theory—into three or four. 
Again, the three component system tannin-water-ether may be considered.”® 
A solution of tannin in water behaves itself as a colloid, whereas tannin dis- 
solves in ether as a crystalloid. If we add some ether to the tannin-water 
mixture, which is to be regarded as a two phase system, a turbidity arises and 
on standing three liquid layers are formed. Jonker, as every one would do 
on first sight, has counted these as three phases ; but if we consider the original 
sol as two phases, it appears only logical to consider the three layers as four 
or five phases, the third one being an ordinary solution of tannin in water 
with only a little ether. 

The ultimate conclusion to which the two phase theory leads, would be, 
that we should consider even an ordinary solution as two phases. As we 
never detect any abrupt change, as the characteristics of the colloid systems 
(Brownian movement, diffusibility, osmotic pressure, etc.) gradually vary and 
approach those of ordinary solutions,* there is no possibility of avoiding this 
unpleasant consequence,f by which Gibbs’ fruitful distinction between phase 
and component would be completely abolished. The view has been defended, 
indeed, by some authors many years since, but few will agree. It makes a 
renewed consideration of the problem desirable, in order to see if there is some 
means of escape. 


THE ONE PHASE THEORY 


We reach the one phase conception, when starting from a sugar solution 
which is generally regarded as one phase, doubtless in agreement with Gibbs’ 
meaning. If we replace the sugar by some organic dye-stuff with a much 
higher molecular weight, we notice only a gradual change in the typical 
properties of the solution; for the same concentration by weight we find lower 
osmotic pressure, we observe smaller diffusion velocity, etc. Taking sub- 
stances with increasing molecular weight, like albumin, hemoglobin, or rubber, 
and placing them in water or benzene, we continue to observe exactly the 
same phenomenon: the solid substance dissolves spontaneously, the osmotic 
pressure falls again and the diffusion velocity decreases. It has been shown by 
Hufner *° and Zsigmondy * that the osmotic pressure law still holds for 
hemoglobin as for a gold sol, for the molecular weights of these substances 
(by this expression is meant the weight of the individually moving particles ) 
calculated from the osmotic pressure in the ordinary manner, agree with data 
obtained from other experiments. When, now, we find that a solution of 
another similar substance fails to exhibit as small an osmotic pressure or as 
slow a diffusion velocity, we shall obviously prefer to claim that these quan- 

*Even the mechanical separability persists; the reverse of os: is—th i iqui 
through a semipermeable membrane, when a pressure is applied high es Orie tho cance fede 
is theoretically nothing else than filtration of molecules; it is connected with ordina filt ti 
through the intermediate process, known as ultrafiltration. Dialysis also is no longer ee “of 


distinction between sols and solutions, since collodion 
t ns, membranes i 
pore size. [See paper on ultrafiltration by H. Bechhold, this elena ene of wetsr adectea sig 


7 Sea water would form a system of a great many phases, air at least one of five, etc 
. ; 
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tities have fallen to experimentally unmeasurable values instead of assuming 
that these quantities are absolutely zero. In other words, we had better con- 
sider the systems involved as solutions with very heavy molecules and, there- 
fore, as one phase systems, than to call upon some mysterious force, which 
suddenly gives rise to a new phase, the appearance of which cannot be deduced 
from any phenomenon. 

In a preceding section enough has been said to show that the absolute 
heterogeneity of such systems does not constitute a difficulty to regarding them 
as one phase systems. . 

Another objection raised is this: it is not permissible to speak of molecules 
and molecular weights, because other notions are indicated by these terms, 
and because it is impossible to indicate a definite weight, the particles of 
colloids never being of one size. Although it is quite clear, what we mean 
by molecule and molecular weight in colloid solutions (namely, the isolated 
particles), it might indeed be preferable to use in this case the expression 
micell and micellar weight, the latter being determined in exactly the same 
wey as the molecular weight in ordinary solutions. The fact that the micells 
have different weight does not cause any trouble, for we find in normal solu- 
tions analogous phenomena. Indeed, we use always average molecular weights, 
which in many cases may surely be taken as the real weights of the isolated 
molecules, but which in as many other instances are not, for example, in 
solutions of electrolytes, of acetic acid in benzene, or in the vapors of sulfur 
and hydrofluoric acid.* In all these examples we assume the solute or the 
vapor to consist of various molecules and their polymers, the composition and 
number of which are only hypothetically known. Exactly in the same way 
the phenomenon in colloids may be interpreted. No more value is to be 
attached to the remark that the particles or micells do not comprise only one 
component, but contain also water or solvent in general. In fact, many in- 
vestigators assume that in ordinary solutions the molecules or ions of the 
solute have combined with solvent molecules and this does not prevent them 
from determining the molecular weight. So, this too cannot be regarded as 
an objection to the thesis that colloids and ordinary solutions are completely 
analogous and both one phase systems. 

As to the positive evidence for this conception, it is obvious that all diffi- 
culties met with in the two phase theory are just so many arguments in favor 
of the one phase theory. We need only point to the application of the phase 
rule and the superfluity of introducing a new variable. The concentration of 
the dispersed phase is, in fact, nothing else than the concentration of one of 
the components ; the surface tension which for lyophile colloids was taken as 
negative by Tolman, does not need to be considered. It is the same force 
that causes any substance to dissolve. We do not need to make a distinc- 
tion between colloids with a positive and with a negative surface tension; in 
both classes, when equilibrium is reached, the tension is zero, but for different 
reasons. 1 ; ; é 

The one phase conception has been used consciously by investigators like 
Katz, Sérensen and myself,*? whereas it is assumed without explicit statement 
in researches by Perrin, von Smoluchowski, Loeb. ivitys 

With great success Katz ** applied it in his extensive and penetrating in- 
vestigations on swelling. He was thereby enabled to explain the behavior 
of swelling gels as completely analogous to that of an ordinary solution. He 
proved, for instance, that if we determine the vapor pressure of a swelling 


* See paper on Molecular Aggregation by W. E. S. Turner, this volume. J. A. 
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gel as a function of the water content, the same curve 1s found as if ck at 
taken sulfuric acid or glycerin instead of gelatin or starch. He showed that 
the heat of swelling corresponds to the heat of mixing or solution, ine i 
swelling pressure to the osmotic pressure. Relations between several of these 
magnitudes were deduced and were shown to be in agreement with the experi- 
mental results. Swelling gels, in short, behave as ideal concentrated solutions, 
the theory of which had been given by Nernst. Perhaps no better plea for 
the one phase theory can be adduced. : 

Galeotti ** and Sérensen also regard albumin solutions as one phase. Deal- 
ing with the separation of egg white from its aqueous solution by saturation 
with ammonium sulphate, Sdrensen proved the phase rule to hold.*® As this rule 
required, the egg white concentration in the sol was constant, so long as the 
egg white was present in the solid state, in other words, as a new phase. Par- 
ticularities, it is true, were observed, because the equilibria established them- 
selves only very slowly* and depended greatly on small quantities of | 
impurities; but the principle of applying the phase rule and considering the 
albumin solution as a one phase system is not thereby invalidated. 

Perrin, in his famous research on the distribution of gamboge particles 
with height in water, speaks of the osmotic pressure of these particles; the 
author tacitly assumes that he is dealing with one phase. The same is done 
by von Smoluchowski,®* when he treats the kinetics of coagulation in a like 
manner as a reaction velocity and declares, that coagulation and chemical 
reactions are.opposed extreme cases, between which probably transitional 
processes will exist; a treatment which leads to results agreeing with the 
experimental data of several investigators. 

Again, Loeb may be mentioned, who in his treatise on the proteins and 
the theory of colloidal behavior successfully regards colloid systems as one 
phase. 

Finally a very recent paper *7 of Miss Laing’s adduces new evidence. As 
the result of an exhaustive study of sodium oleate solutions, she concludes 
that electrolytic migration and electrophoresis are strictly identical, both 
phenomena being governed by the same law. ‘This is exactly what the one 
phase theory predicts; between the electrolytic conductivity and the electro- 
phoresis there is only a quantitative difference, the number of carriers of 
electricity being in the first case enormously greater than in the second. In 
connection herewith attention may be directed to the possibility of extending 
Debye’s new theory of strong electrolytes, with its conception of ionic atmos- 
pheres, to the colloidal solutions. 

It is no wonder that all these considerations: have caused some partisans 
of the two phase theory to waver. So Bary *® expresses the opinion that 
stable suspensions, as he calls what is generally designed by lyophile colloids, 
should be regarded as one phase systems, whereas unstable suspensions, or 
lyophobe colloids, should be considered two phase systems. The distinction 
between these two classes would depend on the sign of the surface tension; °° 
big: is positive, we should obtain two phases; if it is negative, only one. We 
might also say: if the colloid spontaneously dissolves, we regard the liquid as 
one phase; if it is to be brought into solution with the help of any external 
agency, we consider the liquid as two phases. Remembering, however, the 
considerations previously given on the value of the surface tension as a result 
of counteracting mechanical and electric forces, we see that Bary’s distinction 


*In fact, this peculiarity is also exhibited b 
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cannot be maintained. Moreover, it obviously brings us into great difficulty, 
when we take the case of a common gold sol to which some protective colloid 
is added. According to Bary the gold sol initially consists of two phases, since 
it is unstable. But as soon as some gelatin is added, Bary must from his 
point of view regard the sol as one phase, since the gold now, when obtained 
in the solid form by evaporating the sol, redissolves spontaneously in water. 
It is, of course, not clear why the sol, without change in its appearance, should 
suddenly pass from one state to the other. 

Even Freundlich seems to approach to the same view as Bary’s. At least, 
he declares that much is to be said in favor of the opinion, that the separation 
cf the dispersed phase of a lyophile sol is the same phenomenon as the separa- 
tion of a sparingly soluble substance, for which the phase rule holds; 4? and 
he writes, a few pages ** further on, that one should be careful with the state- 
ae that lyophile sols behave fundamentally in a different fashion than true 
solutions. 


CoNCLUSION 


The preceding demonstration will have made it clear that both theories are 
equally acceptable. No cogent reasons have been found whereby either of 
them could be proved, either for all colloid systems or for a certain group. 
We therefore cannot declare a colloid to be a one or to be a two phase system ; 
we ought to say, it is both. How we shall regard it in any given case, depends 
on the kind of problem we are investigating. We must in each case choose 
the most appropriate conception. It is certainly not useful, though theoretically 
possible, to treat coarse suspensions as one phase systems, nor is it suitable 
either to consider egg white or rubber solutions as two phase systems. As 
to this choice, it is a significant fact that the partisans of the one phase theory 
have mostly entered the field of colloid chemistry from the biological side 
(Pauli, Sérensen, Loeb) or have considered it from a general thermodynamical 
point of view, whereas the defendants of the two phase conception have started 
from the study of capillarity and adsorption (Freundlich). 

The controversy between both theories is, therefore, solved in the same 
manner as the question, keenly discussed twenty years ago, whether the col- 
loids were solutions or suspensions. Like this, it turns out to be a senseless 
conflict. This being so, it would be better to banish the word phase altogether 
from colloid chemistry and to accept von Weimarn’s proposal,** to replace it 
by “part” and to speak of the dispersed part instead of the dispersed phase.* 
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The States of Matter Exemplified by a Typical Colloid. 
Soap and the Soap Boiling Processes: 


By Pror. J. W. McBatn, F.R.S., 
University of Bristol, England 


The oils and fats used in soap manufacture are mixtures of such numer- 
ous substances, and the forms which soap can take afford such striking di- 
versity of properties and behavior, that it would at first sight seem impos- 
sible to attempt a description which would be at once simple and exact. 
However, it is a remarkable discovery that a simple two-component system 
consisting of water and any sodium or potassium salt of any higher fatty 
acid exemplifies all of the forms which a mixed soap assumes. 

There is a strong resemblance in type between all the members of the 
large family of the sodium and potassium salts of the fatty acids—they 
differ in degree rather than in kind. Furthermore, the action of various 
electrolytes upon them, is very similar so that by the use of constant numerical 
factors, the behavior of any mixture of salts can be inferred from that of 
one typical salt. 

Throughout the soap boiling operations, which involve such complicated 
mixtures, there is no separation or fractionation of the various constituent 
soaps except during crystallization. Hence, almost the whole of the behavior 
of any mixture of soaps and electrolytes can be exemplified by considering 
the simple three-component system water, pure salt and any pure sodium 
or potassium salt of a fatty acid. It is easy then to proceed to the discussion 
of the modifications due to fractional crystallization. 

Our first and chief task is to characterize the various forms which any 
aqueous solution of a pure soap can assume and to examine the conditions 
under which each appears. Soap solutions are excellent examples of re- 
versible colloids and it has been found by McBain and Burnett? that for 
purposes of the phase rule a solution of reversible colloid, no matter how 
complicated in itself, behaves towards external equilibria as a single phase. 
Hence, it does not affect the simple behavior required by the phase rule that 
soap solutions are colloidal electrolytes* in which there are in equilibrium 
crystalloidal and colloidal constituents ionized and un-ionized. 

Any soap mixed with water in various proportions and under suitable 
conditions, can be made to assume any one of five different forms, all of 
which behave as single phases from the standpoint of the phase rule. Many 
soap solutions can also be made to gelatinize, but it will be seen that this 
does not constitute formation of a new phase. Of these five forms, two are 
crystalline, two are liquid crystals or anisotropic (doubly refracting liquids) 
and one is a range of solutions which extends all the way from crystalloidal 
to colloidal but which are ordinary isotropic or singly refracting solutions. 
Each of these forms will now be briefly discussed. 
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(1) Lamellar Crystals of Soap—The pure anhydrous salts of the fatty 
acids never occur in commercial soaps, but the more varied experimentation 
possible in the laboratory shows that this is due merely to the usual soap boil- 
ing procedure. The anhydrous soaps, when pure, are colorless powders at 
room temperature, but on heating to about 200° C. they melt to form typical 
liquid crystals and at about 300° C. these suddenly turn to a mobile isotropic 
liquid which is miscible with water in all proportions (necessarily under pres- 
sure at such high temperatures). At less elevated temperatures, when soaps 
crystallize out from aqueous solution, they may form very thin lamellar 
crystals which consist of hydrated soap. These are more characteristic of 
potassium soaps than of sodium soaps and are familiar in the “figging” of 
soft soaps. The lamellar crystals frequently have sharp edges and Mr. S. H. 
Piper * has shown by X-ray examination that they are typical crystals yield- 
ing radiographs with numerous fine lines. Every potassium or sodium soap 
can crystallize either in this lamellar form or as curd fibers. 

(2) The Curd Fibers of Soap Curd.—lIt is a commentary upon the present 
state of our science that different investigators at the present time hold such 
irreconcilable opinions with regard to the nature of soap curd. Martin H. 
Fischer,‘ under the influence of Wo. Ostwald’s conception of emulsoids, re- 
gards curds as jellies in which soap is the continuous phase in which 
the aqueous solution is dispersed. Friedel,® in order to include amongst liquid 
crystals such bodies as soap curds, has gone so far as to reclassify and rename 
the groups of anisotropic liquids (liquid crystals). For this purpose he 
assumes that soap curds are homogeneous single phases, doubly refracting 
with the molecules arranged on equidistant surfaces like a collection of super- 
imposed monomolecular films; nothing is said as to the whereabouts of the 
water. Merklen,® attempting to apply the earlier colloidal conceptions, as- 
sumed that commercial soaps were “sorption compounds’; whereas Lewko- 
witsch,” impressed by their constancy of composition in commercial practice, 
maintained, like Chevreul, that they were to be regarded as compounds con- 
taining “water of constitution.” A number of scientists would regard soap 
curds as gels or even jellies with water as the continuous phase, whereas 
the writer * has concluded that soap curd consists of a soap solution which 
has partially or wholly crystallized out in the form of innumerable curd fibers 
which naturally enmesh the remaining mother liquor or soap solution. This 
is also the standpoint taken by von Weimarn ® in his criticism of Zsigmondy 
and Bachmann’s paper. 

The criteria upon which the writer relies are as follows: 

(a) Not only can the curd fibers be seen under the ultramicroscope, but 
the individual fibers can be manipulated and disentangled by hand. Beautiful 
photographs have been published by Zsigmondy and Bachmann?® and } 
McBain, Darke and Salmon." " 

(b) Whereas all transparent soap solutions whether fluid, gelatinous or 
plastic, isotropic or anisotropic, behave like concentrated solutions, that is 
they have high conductivity and osmotic properties, these opaque white soap 
curds show, through all these properties, that the soap has been almost com- 
pletely removed from solution, This is confirmed by analysis of the mother 
liquor which ee readily oe out. The suddenness with which curd 
appears on cooling accounts for the sudden diminuti ivi ic 
Fischer ascribes to reversal of phases.* iiiiueocamant erste 

(c) X-ray photographs of soap curds obtained by Mr. S. H. Pipers: 


* A paper by M. H. Fischer will appear in Vol. II of this series. At 
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are of exactly the same type as those obtained from ordinary crystalline fatty 
acids which are now universally admitted to be truly crystalline. 

(d) Soap jellies which are perfectly transparent and which exactly re- 
semble gelatin jellies occur, but in dilutions in which, through heating or 
addition of water or through supersaturation, curd fibers are completely 
absent. Such true jellies exhibit the high conductivity and osmotic activity 
characteristic of colloidal electrolytes. Like gelatin jellies they are not liquid 
crystals, but are isotropic and they do not give a radiograph. 

(3) “Neat Soap.”—“Neat soap” is the name given by the soap boiler to 
the upper liquid layer of concentrated soap which merely has to be cooled 
and cut into bars or stamped to serve as household or bar soap or be utilized 
as “base” for the production of toilet soaps. Under such conditions its com- 
position is remarkably constant, seldom falling appreciably below 63 to 64 
per cent of fatty anhydride or 69 to 70 per cent of anhydrous sodium soap.* 
It of course alters in structure and physical characteristics on cooling, be- 
ponte soap curd, owing to crystallization of the least soluble soaps as curd 

ers. 

It will now be shown that the soap boiler’s “neat soap” is but a particular 
case of a form of soap which can exist over a wide range of concentra- 
tions and temperatures and the term “neat soap” will be used to describe the 
whole of this state. “Neat soap” is a liquid crystal, that is, a doubly refract- 
ing, plastic liquid. It is clear and transparent; though often colored, no 
discontinuities are visible and a layer in which the liquid crystal has the 
same orientation throughout, causes no distortion of objects seen through it. 
There are no particles or fibers to be seen in it and the microscope shows 
that it is quite continuous so that the turbidity often exhibited when the 
specimen has been stirred, is seen by examination under crossed nicols to 
be caused by different orientation of the doubly refracting liquid in differ- 
ent portions of the same mass. In other words neat soap is a single homogene- 
ous phase of the same composition and structure throughout. This is in great 
contrast to the curd which the ultramicroscope and often even the naked eye 
shows to be a heterogeneous tangle of opaque white curd fibers enmeshing 
clear solution. ; 

Neat soap is plastic, in that small specimens do not flow under the in- 
fluence of gravity, although large masses as in the soap pan have an almost 
level surface and flow readily through a pipe. At first sight neat soap might 
appear to be a jelly, but closer examination shows that it possesses very little 
of the elasticity characteristic of a jelly. For instance, a true soap jelly 
which is likewise perfectly clear and tends to retain its shape, quivers when 
shaken, and a small piece if deformed springs back to its original shape, 
whereas the plastic anisotropic neat soap retains any shape given it. Further- 
more, it may be mentioned that the true soap jellies, just like clear gelatin 
jellies are isotropic or singly refracting when not under strain. — 

When anhydrous soap is heated it first melts to form liquid crystals, and 
this anisotropic liquid exists for a further 100° of temperature before it 
“melts” again to the clear isotropic liquid. Further, it can be admixed with 
water and even salt in various proportions without losing its homogeneity 
and we can thus pass without any discontinuity from the molten anhydrous 
soap to the soap boiler’s neat soap and beyond. The whole of this form we 


therefore call neat soap. 


* Some proteins, commonly considered to be definite chemical compounds, fail to show such 
, 


constancy of composition. J. 
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(4) “Middle soap.”’—McBain and Langdon” recently discovered the ex- 
istence of another anisotropic form of soap solution existing in a narrow 
region of concentration intermediate between that of “neat soap” and ordi- 
nary isotropic soap solutions; for this reason they called it “middle soap.” 
When pure materials are used “middle soap” is a colorless, transparent plastic 
liquid, whose appearance and consistency resemble medicinal vaseline. Under 
certain circumstances when examined in polarized light it exhibits the 
structure of a typical conic anisotropic liquid.’* It should be emphasized that 
“middle soap” is immiscible both with “‘neat soap” and with isotropic soap 
solution. 

(5) Isotropic Solutions of Soap—tThere is a wide range of concentration 
both with and without salt, over which soap solutions are isotropic; that is, 
dark between crossed nicols. Such solutions are of very diverse character, 
although there is a gradual and continuous passage from one to the other, 
the properties of each solution being fixed by its concentration and tempera- 
ture, except in the one instance of gelatinization. Much space would be 
required for an adequate description of the properties of these soap solu- 
tions. All the solutions are hydrolyzed, but since the hydrolysis-alkalinity 
does not exceed 0.001 N and is for most solutions much less, hydrolysis is 
wholly inappreciable for ordinary concentrated solutions. It may be men- 
tioned that the product of hydrolysis is never free fatty acid, but is an acid 
soap of intermediate composition ;** very dilute soap solutions contain, apart 
from acid soap, no colloidal constituents, and the soap ionizes like sodium 
acetate. With rising concentration, however, both undissociated electrolyte 
and fatty ions each polymerize to colloidal aggregates, neutral colloid, and 
the ionic micelle respectively. The constitution of “middle soap” is similar ; 
the soap being present as colloidal electrolyte. This is highly dissociated into 
ordinary sodium or potassium ions and the excellently conducting aggre- 
gates of fatty ions that constitute the ionic micelle. The hydration of the 
colloidal soap has been measured in several solutions '® and found to be about 
10 molecules of water per equivalent of soap. This is a much greater de- 
gree of hydration than the soaps exhibit in anisotropic solution (see later). 
In parallel with this is the hydration of the curd fibers separating from 
isotropic solution which is about double that of fibers crystallized from aniso- 
tropic solution.'* 

Addition of salt gradually drives back the dissociation of the colloidal 
electrolyte, until it is mainly neutral colloid. Addition of a very small amount 
of salt slightly diminishes the viscosity of a soap solution,'® but further addi- 
tion of salt increases the viscosity so enormously that several investigators 1° 
gave up the attempt to follow it further and so missed finding that it really 
rises only to a sharp maximum * and thereafter falls off again to a fraction 
of its value before the limits of homogeneous solution have been reached 
ae effect has ee ee Heber: King and several others in the Bristol 
aboratories.” Com nigral. umerous qualitati rati 
ee pea ae ) qualitative observations have been 

True jellies ?* are formed by the highest soaps even in the absence of 
salt but they do not appear to constitute a separate phase, and the passage 
to the gelatinous condition appears to be quite continuous. It js can 
worthy that none of the properties of soap solution are altered by gelatiniza- 
tion, with the striking exception of mechanical rigidity and elasticity. Pos- 
sibly there is a slightly enhanced opalescence but all the significant properties 


* This seems to be an instance of the zone of maximum colloidality (see ies rake) ay NS 
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such as electrical conductivity and lowering of vapor pressure which depend 
upon the internal equilibria of the solution, remain unaffected. The con- 
clusion seems inevitable that the actual colloidal particles are the same in solu- 
tion and in true jelly but that in the jelly the particles of neutral colloid are 
linked together, probably to form innumerable ultramicroscopic filaments. A 
similar conception has been developed by Bogue ** for gelatin jellies. By suit- 
able manipulation two portions of the same soap solution may be brought 
at the same concentration and temperature into the forms of sol and jelly 
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Fic. 1.—The effect of salt upon the viscosity of solutions of sodium palmitate at 81° C. 


respectively. The jelly appears to be the most stable form within a narrow 
range of temperature and it is most commonly met with in solutions con- 
taining salt. Excessive salt liquefies the jelly, the effect being analogous to 
that on viscosity in non-gelatinizing solutions. = 

Having now given a brief account of the appearance and characteristics 
of all the various phases and forms in which soap and its solutions can exist, 
we are now in a position to discuss the equilibrium diagram of the two- 
component system water and soap in the absence of salt. Here again most 
of the information has to be drawn from observations made in the writer’s 
laboratory. 
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Tue Two-CoMPoNENT SySTEMS: SOAP AND WATER 


Figure 2 is the phase rule diagram for potassium oleate and water and 
is due to W. J. Elford.24 It shows the limits of existence and the composi- 


tion of the various forms of soap solution which can exist over the whole 
range of concentrations and temperatures up to 350%G; 
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: \ ( | that occur at various temperatures. The 
boundary of the isotropic solution only is accurately known. 


Figure 3 is the diagram for sodium palmitate developed chiefly by Lang- 
don and Pitier.*® It likewise ranges from anhydrous sodium palmitate to 
water. 

The chief difference between the two diagrams is due to the comparative 
insolubility of sodium palmitate, which crystallizes out almost quantitativel 
at room temperature as hydrated curd fibers enmeshing water which nee 
but a trace of alkali and of soap. 

The two diagrams illustrate the great similarity existing between all soaps 
This is borne out by the data as far as they are available OFaNVeal Elford 
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and Miss E. M. Grant for potassium laurate, D. P. Davies for sodium 
ricinoleate, H. M. Kamil and Miss Grant for sodium abietate, and of W. T. 
Smith for cetyl sulphonic acid, a hydrogen soap. 

The first feature is the very wide range of isotropic solutions which 
rapidly extends as the temperature is raised, until above about 300° C. water 
_and liquefied anhydrous soap are miscible in all proportions. 


a Even at tem- 
peratures as low as the boiling point, the soaps dissolve to form iso- 
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Fic, 3.—Equilibrium diagram for the two-component system, water-sodium palmitate, 
showing the stable homogeneous phases that occur at various temperatures. 


The 
boundary of the isotropic solution only is accurately known. 


tropic solutions up to solutions containing about one equivalent of soap in 
one kilogram of water. 


“Middle soap” occurs in a region of concentration 
closely adjoining the isotropic solutions and above a comparatively moderate 


temperature such as 160° or 190° middle soap can no longer exist but is 
transformed into isotropic solution. 


At this temperature it is remarkable to 
see that middle soap is bounded on the side of both higher and lower con- 
centrations by isotropic solution. No explanation of this is as yet suggested, 
although it accords with the phase rule. 


The range of concentration in 
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which middle soap exists is moderately wide, tending towards higher con- 
centrations at higher temperatures. 

This is likewise the behavior of neat soap, which at temperatures above 
the melting point of the solid extends continuously into anhydrous anisotropic 
soap. The boundaries of the field of middle soap, neat soap and of curd fibers 
are dotted because their exact position has not been established throughout, 
but is deduced only from isolated observations. 

In Figures 2 and 3 the unshaded areas are homogeneous phases, the shaded 
areas represent heterogeneous systems of two phases, the tie lines being neces- 
sarily horizontal since the two phases in equilibrium are at the same tem- 
perature. Figure 3 well illustrates the enormous temperature coefficient of 
the solubility of soap. This corresponds with the large heat of solution which 
is in striking contrast to the heat of true gelatinization of a soap solution, 
which is so small that it has hitherto escaped measurement. 


Tue THREE-COMPONENT SYSTEM: SOAP, SALT AND WATER 


From a qualitative standpoint the three-component system introduces no 
features that are not to be found in a simple aqueous soap except that the 
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Fic, 4.—Phase rule diagram at 90°, sodium palmitate-salt-water, concentrations bein 
expressed in fractions of mols of sodium palmitate and sodium chloride but a 
fractions of one kilogram for water. The shaded areas represent the a to i 
direction of the tie lines in the two-phase systems. pedir th 


amount of salt added affects the limits of concentration for the existence 
of the separate phases. The salt favors the formation of isotropic solutions 
at the expense of middle soap, and such solutions can be prepared containin 
es amounts of ae In fact, this isotropic region extends up to ae 
which are saturated with electrolyte, although in st 6c)? Bs 

very little soap. = such “lyes” there is but 
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The boundary of the field of isotropic solutions in the presence of large 
excess of salt, is of the utmost interest and importance, since from this 
derive most of the phenomena of the soap boiling processes. Figures 4 and 
5 are the equilibrium diagrams for sodium palmitate, sodium chloride and 
water at 90° and 100° C, the compositions being expressed in fractional 
proportions and technical units respectively. In Figure 4 a triangular diagram 
is used in which the total composition of the system at any point is taken 
as the sum of the fractions of one gram molecular weight of sodium palmitate 
and of sodium chloride and of one kilogram of water respectively, the whole 
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Fic. 5.—Phase rule diagram at 100°, sodium palmitate-salt-water; concentrations being 
expressed in grams of fatty anhydride and grams of salt per 100 grams of total 
system. The areas correspond to those in Fig. 4. 


adding up to unity for each point. Hence, the three corners represent pure 
water, anhydrous salt and anhydrous soap respectively, and the sides of the 
triangle represent the respective two-component systems; and a point in the 
center would represent one mol each of salt and soap with one kilo of water, 
that is a system weight normal with respect to salt and soap. 

Figure 5 in technical units expresses salt in per cent by weight in 100 
parts of total system and in per cent by weight of anhydrous fatty acid (so 
that pure anhydrous sodium palmitate is, for example, 88.85 per cent fatty 
anhydride). In both diagrams the tie lines between two phases in equilibrium 
are straight» lines and the amounts of those two phases are in exact inverse 
proportion to the distance of the point representing the total composition of 
the system from the respective ends of the line. 
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In addition to the field of isotropic solutions in Figures 4 and 5 for 
sodium palmitate, there are three other fields representing single phases of 
varying composition; namely, curd fibers (at the top of the diagram), 
anisotropic “neat soap,” and anisotropic “middle soap.” There is but one 
phase of constant composition; namely, crystalline sodium chloride, which is 
found at the lower right hand point of the diagram. 

There are seven fields in which two phases each of varying composition 
co-exist; namely, (a) middle soap and isotropic solution, (b) middle soap 
and neat soap, (c) neat soap and curd fibers, (d) neat soap and isotropic 
solution (which latter in this region is called “nigre” by soap boilers), 
(e) neai soap and isotropic solution at the bottom of the diagram (which is 
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Fic. 6—Maximum concentrations of solutions which can exist Y 7 
1 at) /Ome CeCanduatey2a 
when not supersaturated with curd fibers. The fields enclosed by ae dotted ae 


within the shaded areas are soap solutions which ha 
fibers crystallizing out at 76°. ve been est Oy ed a eae 


always called “lye”), (£) a small region in which the isotropic solution sepa- 
rates into two layers corresponding approximately to nigre and lye a 
(g) curd fibers and lye up to its saturation point with salt. Whenever 
three phases co-exist at barometric pressure each is of fixed composition as 
shown by the diagram. Solid sodium chloride cannot exist in contact with 
any phases except saturated lye and curd fibers. 
The chief of these fields occurring during soap boiling processes (see 
later) are (d) (during fitting), and (e) (when rather more salt has bee 
added but not enough to salt or grain out), but it is only after the neat < 
is cooling in the frames that (c) is met with through the separation of iid 
fibers, at much lower temperatures. z a Sateen 
There is a very narrow triangular field, not shown in the figures, in which 
three phases, each of invariable composition at any one oe erat ae 
occur. The three phases are neat soap, nigre and lye which na cote ic 
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various proportions; but the permissible variation in the total proportion of 
salt present in the system is so small (corresponding to the narrowness of 
the triangle) that it is of no practical importance. 

The form of the fields for neat soap and for curd fibers is only approxi- 
mately known, but the general position is fixed by an accurate knowledge of 
one or two points in each. 

Figure 6 for solutions of sodium palmitate containing salt represents the 
effect of cooling to a lower temperature such as 68° C. where the curd fibers 
of sodium palmitate are so much less soluble, that no soap solutions con- 
centrated enough to form middle soap or neat soap can exist, and even half 
the isotropic field has been destroyed. At a temperature only about 10° 
lower, the solubility of sodium palmitate is reduced to an extremely narrow 
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Fic.. 7.—Solubility curves of salt and sodium palmitate at 60°, 90°, 120° and 150° show- 
ing the extreme limits of the field of homogeneous isotropic solutions capable of 
existing at those temperatures. 


field of lye—along the bottom of the diagram, with curd fibers at the top, 
all in between being wet curds with enmeshed lye. At room temperature 
sodium palmitate is practically insoluble and the only systems met with are 
wet and dry curds. The diagram shows two (approximate) solubility curves 
for 72° C. and 76° C. respectively and there is also dotted in the boundary 
lines of the liquid phases at 80° C. at which temperature the solubility of 
sodium palmitate is so much greater that neat soap is the only form of 
liquid concentrated enough to be capable of crystallizing. a 

Figure 7 presents the data for the accurate mapping of the limits of 
the fields of isotropic solutions of sodium palmitate and salt at temperatures 
ranging from 60° C. to 150° C. The solutions at 60° C. are of course 
undercooled ‘with respect to separation of curd fibers. 

Figures 8, 9, 10 and 11 present W. J. Elford’s data for the system 
potassium oleate, potassium chloride and water. Here the isotherms bound- 


HYDRATED CRYSTALS 
OR CURD 


ag, 


ISOTROPIC 
HOMOGENEOUS 
SOLUTIONS 


/Kilo 


KCl 


x &V, 
° ° 


Fic. 8—Phase rule diagram at 20° C., potassium oleate-potassium, chloride-water ; 
concentrations being expressed in fractions of mols of potassium oleate and potas- 
sium chloride, but in fractions of one kilogram for water. The shaded areas 
represent the approximate direction of the tie lines in the two-layer systems. 
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Fic. 9.—Phase rule diagram at 20° C., potassium oleate-potassium chloride-water : 
centrations being expressed in grams of fatty anhydride and grams of poten 
chloride per 100 grams of total system. The areas correspond to those in Fig.8: 
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ing the isotropic field have been fixed over a range of temperature from room 
temperature up to 210° C. (under many atmospheres vapor pressure of 
course). The diagrams are of the same type and general form as those for 
sodium palmitate, the chief difference being that the solutions do not solidify 
even at room temperature. 


EARLIER WorkK 


It is unnecessary for the present purpose to devote much space to the 
history of this subject, because the information available is mostly of a 
fragmentary and contradictory nature and very obscurely described, the mean- 
ing being often concealed by loose employment of colloidal terms. There 
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Fic. 10.—Solubility curves of potassium chloride and potassium oleate at 20°, 60°, 90°, 
120°, 150°, 180° and 210° C. showing the extreme limits of the field of homogeneous 
isotropic solutions capable of existing at these temperatures. The point M is the 
only concentration of middle soap which exists up to 183° C., above which tem- 
perature it is isotropic. 


are a few papers however of such outstanding value that they require men- 
tion. Nevertheless it should be borne in mind that there has been no recognized 
theory of this subject. 
The present chapter is an attempt to supply a general framework into 
which all the various scientific and technical data may fit, and which may 
serve as a basis for the systematic development of the subject. 
The scientific investigation of the soap boiling processes may be said to 
have begun with Merklen’s® important monograph published in 1907 and 
1908, in which for the first time an attempt was made to apply the phase rule. 
He prepared soaps on a semi-technical scale from each of seventeen of the 
commonest fats and oils, analyzing the products at each stage of manu fac- 
ture, and recording their physical appearance and characteristics. This is 
still the chief source of quantitative information with regard to the composition 


of soap. 
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Merklen showed that the composition of commercial soaps depends upon 
the nature of the fatty acids and of the electrolytes employed, the composi- 
tion of the nigre, the temperature and on various other factors. He recog- 
nized two of the two-layer systems here described; namely, “neat soap” 
with “nigre”’ and “lye” respectively. It appears, however, that his soap boil- 
ing technique was faulty in that he did not secure proper separation. Fur- 
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lye. The investigations comprised the salting out of sodium and_potas- 
sium salts of pure typical fatty acids by the corresponding hydroxide, car- 
bonate and chloride. A large number of observations are recorded with re- 
gard to the formation of the two liquid layers, and the subsequent salting 
out of curd, processes which, however, were not distinguished by Richert. 
F, Batz (Dissert. Karlsruhe 1918) and M. Thorl (Dissert. Karisruhe 1918) 
used soaps made from tallow and from coconut oil, studying neat soap to- 
gether with lye or nigre or both. They did not take into account the require- 
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Frc, 12.—A reinterpretation of 'M. Thorl’s laboratory experiments with sodium hydroxide 
on the salting out of soap prepared from tallow at 100° C. showing how they accord 
with phase rule diagrams for the pure soaps.* 


* The boundary line of the isotropic solutions is inserted in identical position in diagrams 12, 
13 and 14, and is deduced from all the available data, including results by Perkowski as quoted by 
Richert. Results of Thorl, Batz, Richert and Perkowski are not true per cent but grams per 100 cc. 
solution measured at 100° C. The data of Penny and Elford are grams per 100 grams of total system. 


ments of the phase rule. They considered that the three layers simultaneously 
present were not of fixed composition, but we can attribute this to a form 
of experiment in which equilibrium was not perfectly attained. Their results, 
like those of other published data on analysis of commercial products, agree 
essentially with the triangular diagram explained in this Paper ; but, not 
knowing of the existence of “middle soap” they regarded “neat soap” and 
“nigre” as continuous with each other instead of being wholly separate phases. 


COMMERCIAL SOAP AND THE PHASE RuLE DIAGRAM 


We are now in a position to test how well the information obtained from 
a soap made from a commercial oil or fat agrees with the type of phase rule 
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diagram described in this chapter. For this purpose we shall take the data 
for tallow and cocoanut oil. This has the additional advantage of enabling 
us to reproduce in revised form the data of Thorl and Batz which are other- 
wise practically inaccessible and which had not been interpreted from the 
standpoint of the Phase Rule. 

Figures 12, 13 and 15 present their experimental data. Each point on 
the diagram represents their analysis of a homogeneous liquid layer; when 
two liquid layers co-existed the points are shown in the diagram connected 
by a fine line. The region in which homogeneous isotropic solutions exist, 
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Frc. 13.—A reinterpretation of F. Batz’s labora i i i 
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on the salting out of soap prepared from tallow at 100° C. showing how ee a 
with phase rule diagrams for the pure soaps.* i s 


* See footnote to Fig. 12. 
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sodium palmitate and potassium oleate shows Hen et ee ee 
the same type. The general shape of the isotropic field is the same 25 i 
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field showing the salient at about ten per cent of soap, and finall a thick 
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as to involve middle soap were investigated. W. J. Elford in boiling a 
tallow soap with Mr. Penny of Messrs. Chris. Thomas & Bros., Bristol, 
obtained the following analytical data. The settled or neat soap contained 
61.78 per cent fatty acids, 0.48 per cent sodium chloride, 7.32 per cent total 
soda (Na,O) and 0.036 per cent of free soda. This shows that the com- 
position of neat soap found by Thorl and Batz was correct, and that they 
had obtained fairly good separation although working on a laboratory scale. 

__. The culmination of the arguments here being developed is to be found in 
Figures 14 and 16 which contain the data of Merklen on a semi-technical 
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Fic. 15.—A reinterpretation of M. Thorl’s laboratory experiments with sodium hydroxide 
on the salting out of soap prepared from coconut oil at 100° C. showing how they 
accord with phase rule diagrams for the pure soaps.* 


* The boundary line of the isotropic solutions is sketched in an identical position in diagrams 
15 and 16 and takes account of results of Perkowski quoted by Richert. Results of Thorl, Batz, 
Richert and Perkowski are not true per cent but grams per 100 cc. of solution measured at 100° 
The data of Mr. Penny and Elford are grams per 100 grams of total system. 


scale, and the more careful experiments of W. J. Elford with Mr. C. 
Penny of Messrs. Chris. Thomas & Bros. in boiling five-ton lots of pure 
tallow and pure coconut oil. The heavy line drawn in Figures 12, 13 and 
15 respectively, to show the boundaries of the isotropic solutions, agree re- 
markably with the results of the full scale operations. Indeed, this goes so 
far as to form a standard by which to judge the full scale results. 

Similar diagrams have been partly prepared for fifteen other single oils 
and fats and they are all true to type. 

Discussion of these diagrams will be resumed when we have given a brief 
account of the soap boiling processes which is quoted from McBain and 
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Fic. 14.—Analyses of lye, nigre and soap obtained by Mr. Penny and W. J. Elford in 
boiling tallow on full commercial scale. The two dotted lines are experiments by 
Merklen on a small scale.* The concentrations of electrolytes are all reduced to 
the corresponding value of sodium hydroxide by multiplying with Richert’s ratios 


which however are not more accurate than one-tenth. 


* See footnote to Fig. 12. 
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Fic. 16.—Analyses of lye, nigre and soap obtained by M i 
Xs _lye, i y Mr. Penny and W. J. Elf 
boiling coconut oil on full commercial scale. The dotted aes are Eee ie 


Merklen on a small scale.* 
* See footnote to Fig. 15. 
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Soap BoILING PRACTICE 


The methods at present employed in the commercial manufacture of soap 
are identical in essentials with the original process, discovered, no doubt, by 
accident, in the Middle Ages. The original cold process has given way 
to the boiling process; steam has replaced fire heat; new raw materials have 
been brought into use; color and purity have been improved; but the process 
still remains the simple saponification of glycerides, or neutralization of fatty 
acids, by alkali. 

In a standard process of soap manufacture the actual saponification takes 
place in five stages or “changes.” 

First change—*“Killing” (pasting, saponification, empatage). 


(a) The fat charge * is run into the pan or kettle. Open steam is 
turned on and weak caustic soda (20° Tw. = 1.1 sp. gr. 8.78 
per cent. NaOH 2.2N) is added until an emulsion is formed. 


‘With some oils, ¢.g., cotton seed oil, the emulsion is difficult to produce 
and the initial stage is slow. Once the emulsion is formed the process usually 
proceeds smoothly, alkali being added as fast as it is taken up by the fat. 


(b) Caustic soda of 40° Tw.f (= 1.2 sp. gr. 17.81 per cent. NaOH 
4.45N) is now added. The object of adding the stronger alkali 
is to maintain the concentration. If the alkali is added too 
slowly, “balling” or “bunching’’ takes place, that is to say, the 
mixture separates into large separate masses of soap enclosing 
free fat. To prevent this salt is thrown into the pan during the 
addition of the alkali. The pan is kept vigorously boiling with 
open steam during the process. The alkali is in gradually dimin- 
ishing excess. The soapmaker considers the process complete 
when a portion of the boiled mass is no longer greasy to touch, 
and the lyes which separate from the soap are free from tur- 
bidity on cooling. At this stage the whole of the caustic alkali 
should be “spent,” 7.e.,.combined with the fatty acids, but the 
soap should color a 10 per cent solution of phenol-phthalein in 
neutral alcohol. The soap in the pan forms a pasty mass. 


Second change.—Graining (salting out, relargage). To complete the opera- 
tion salt is added ¢ and this “grains” the soap, that is to say, causes it to 
separate in closely packed particles up to 5 cm. in diameter, forming a stringy 
mass at the top of the soap pan. 

The spent lyes or watery solution (containing say 0.3 per cent total alkali 
(Na) entirely as carbonate—none should be present as free alkali—some 
glycerine and much salt) gradually settles out at the bottom of the pan and 
is run off. 

The soap is considered to be completely grained when a sample taken out 
on a trowel is seen to consist of grains of soap distinctly separated from the 


clear liquid lyes. 


* A “charge” is usually 25 to 40 tons of mixed oils and fats. It is a common practice to run 
the charge into the pan in two portions, the second portion being added after the second “change.” 
The only reason for running the charge in two portions is because of the great increase in volume 
during the saponification process owing to the formation of steam filled bubbles, 

+ Or higher, up to 57° Tw. E ‘ R 

t Usually as solid salt recovered from the spent lyes; sometimes as brine of 40° Tw. (1.2 sp. 
gr. 26 per cent NaCl, approx. 5N). 
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APPROXIMATE CoMPOsITION oF Spent LyEs (Stock Lye) 
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Third change.—Washing. 


(a) The soap at this stage contains, say, 0.5 per cent glycerol * of the 
original 10 per cent glycerol combined in the fat. To wash out 
the glycerine the pan is boiled and open steam and water is 
added. The object of adding the water is to “close” the soap, 
that is, to bring it into homogeneous solution. As compared 
with the “grained” soap of operation 1 (b) the “closed” soap 
has the smooth and transparent appearance of a stiff jelly. Salt 
is again added and the soap “grained” when it is allowed to 
settle, the spent lyes, which contain most of the remaining 
glycerine and some of the coloring matter from the raw materials, 
forming the bottom layer as before, which is then pumped off. 


(b) Repetition of (a). 


Fourth change.—Strengthening change. (Boiling on strength, clear boiling, 
coction.) 

The pan is boiled with open steam and the soap “closed” by addition of 
water. Successive small quantities of alkali (32° Tw. 1.162 sp. gr. 14.35 per 
cent NaOH, 3.6 N) are gradually added and the soap boiled with closed 
steam for at least two hours. The total alkali added (reckoned as Na,O) 
is about 2 per cent of the weight of the soap. As the alkali becomes suffi- 
ciently concentrated, it “grains’’ out the soap in the same way as the salt in 
the second change. It is then allowed to settle. The “half-spent” lyes which 
drop out are strongly alkaline. The soap maker considers the strengthening 
change complete when a portion of the soap slides freely from a trowel and 
is distinctly alkaline to the tongue. The object of boiling on strength is to 
ensure complete saponification. There may be as much as 20 per cent un- 
saponified fat left at the end of the first change. 


APPROXIMATE Composition OF Hatr-spent Lyes (Srreneru Lye) 
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Fifth change.—Fitting (pitching, settling, liquidation). 
Water is added to the “grained” soap, which is boiled with open steam, 
thus bringing it into homogeneous solution, or “closing” it. 


* A soap analyzed at this stage contained 33 per cent total fatt i i 
: y acids, of which 31.0 
was combined as soap. Lewkowitsch, de Sts Gaal 265) O90 (LOOT) ein our own sais re have 
always found the fatty acids much higher and never below 40 per cent. On pressing to rem 
water the soap contains 60 per cent fatty acids, athe 
7 If the soap formula contains rosin, this non-glycerine-bearing constituent is added prior to the 


strengthening change, usually in a partly saponified condition and th i i i 
salt and caustic soda. , : ohne gREGHLy ereinedy Oneal 
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The object of fitting is to get the soap into proper condition for the final 
slow settling, when the mass separates into soap and nigre as described below. 

To arrive at the proper condition for settling, the proportion of the soap 
and aqueous phases must be carefully manipulated. 

Usually a close or fine fit is desired.* The water (steam) is added in slight 
excess, and the soap then brought back to the required condition by adding a 
quantity of brine or strong lye. 
a8 soap is in the opposite condition, too pasty or ‘“‘open,” more water is 
added. 

According as the end point is kept on the one side or the other the fit is 

described as a “close” or “fine” fit, or an “open,” “rough’’ or “coarse” fit. 
_ The method of testing is by taking a portion of the soap from the pan on 
a trowel. The fitting is reckoned complete when a sample taken on a hot 
trowel slides completely off it, breaking into two or three broad flakes as it 
does so. As the soap slides off it discloses a clear aqueous film which im- 
mediately evaporates, leaving the surface of the trowel clean and dry. 

When the soap is on the open side it leaves the surface of the trowel very 
freely and with separation into small flakes. 

When the soap is on the close side it does not slide off the surface freely, 
but leaves a smear on the trowel. 

An open fit gives a “small” nigre on settling. 

A close fit separates more slowly than an open fit and gives a “large” 
nigre. The nigre is 25 to 40 per cent of the total weight of the soap and nigre 
in the pan at the end of the process. 

The soap is finally boiled for a short time with close steam so as to cause 
the mass to occupy as much space as possible, and it is then allowed to rest, 
without undue fall of temperature (say 140°/150° F.) for a considerable 
period, sometimes several days. The soap at this final stage presents a stiff 
surface of transparent appearance, breaking here and there into wrinkles. 

In the final stage there are four layers: (1) at the top a “fob” or foam, 
absent if the operations have been carefully carried out, (2) good settled soap, 
(3) nigre, and (4) at the bottom of the pan, usually, a small amount of 
spent lyes. The settled soap is drawn off (“cleansed”) to pass through sub- 
sequent processes; the nigre is usually worked up into lower grades of soap. 

The pure settled soap passes from the soap pan to a crutcher where it is 
agitated by rotating paddles for a short time. It is then run into large frames 
or steel boxes taking 10 cwt. to 15 cwt. of soap and allowed to cool. 

The time table is approximately: 


re tad 
Pst Giemae CEUNOe) 6 cecé.cewodbcondeboomadeamaaes } Wed 
I “ 
Secondmchanoem (eraining) me jae ene ae 1 2 
i 1 “ee 
ANnbial ClaenatRe- (GYAS med) Ao ob okinoe so adudn Boob abo oor ; 1 it 
Fourth change (strengthening ) Spe ReP i ers as fe she's are shone: 1 ‘ 
Fifth change (fitting) ..........:.sssseeeeeese scenes 1 
(Settling Pevveemet ere tert ere cmos sos 1% 
8 days 
Gol mipeninetrames ateldt sh foams auttn eroticy! Aichlstsie oes ys v 
14. = days 


* For fabricated or “run” soaps a more open fit is desirable. 
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An average analysis of a pure settled soap is as follows: 


Per Cent 


68.6 per cent §Fatty acids as anhydride 61.5 (= 63.6 per cent fatty acids) 
anhydrous soap ’Combined NazO ........ 7.1 


Glycerol heer. crs 1.0 
31.4 per cent J} Free NasO ........-.--- traces 
water, etc. INENGIL Ue? A eee nuactc docuon 0. 
Water sip tea tosicuhe «persceett oe 29.9 
100 


The manipulation of the soap pan requires considerable skill. The changes 
can easily be bungled, and the boiling emulsion or paste needs careful con- 
trol to keep it in hand. 

The main object of the fitting operation is to separate the soap free from 
dirt and coloring matter. This is achieved at the expense of soap retained 
in the nigre, and the highest skill is called for in the satisfactory and economical 
carrying out of this operation. 

The object of the washing is to remove the glycerine remaining in the soap 
after the first separation; the ideal soap boiling process would ensure com- 
plete recovery of the whole of this valuable by-product; at present only about 
75 per cent is recovered. 

Complete saponification is essential. A commercial soap containing un- 
saponified fat is soft and on storage will be found to have sweated ; it quickly 
goes rancid. The complete process of soapmaking is somewhat lengthy; short- 
ening of the process offers a fruitful field for research and invention. 

Curd soaps do not pass through the fitting process. Dehydration is effected 
by boiling down on a close steam coil, thus removing the slight excess of 
water. No separation into two layers takes place in this process. 

Hard soap is made with caustic soda; soft soap with caustic potash. Soft 
soap is not salted out, and if made from glycerides retains its glycerine in 
the same way as hard soda soaps made by the cold process, which consists 
simply in crutching the fat and alkali together in correct proportions; after 
a week or ten days complete saponification has taken place. This is assisted 
by the heat of reaction. 

A pure soap manufactured in the way above briefly described always 
shows about 63 per cent fatty acids combined with the equivalent of Na,O, 
together with variable traces of glycerine and salt. The nigre, according to 
the proportion separated, has from 30 to 45 per cent fatty acid contents. 

The commercial product, hard soap, may be defined as the sodium salts of 
certain fatty acids in intimate association with about 30 per cent of water. 

If water is added to such soap to reduce the fatty acids, it forms a paste 
which will not set; by substituting for water silicate of soda, a mass is formed 
which will set on cooling and which simulates pure soap. 

_ By heating pure soap in a mixing vessel with a steam jacket, some water is 
driven off and the fatty acids can be raised, say, to 70 per cent, but there is 
a loss of structure, and if the heating is continued dry flakes of totally dif- 
ferent physical character are formed. By driving out as much as possible 
of the water by heat, a nearly anhydrous soap which consists of true salts of 
the mixed fatty acids can be obtained, the structure being entirely broken up.* 


* McBain found on heating at 90° C. in the vacuum of a water i i i 
retained one equivalent of water (= 6 per cent). Pump that sodiam palmitate still 
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At a half-way stage we get a hard, amorphous soap which is used in practice 
as a base for toilet soaps. 

The above descriptions apply to pure soaps. Soaps may be fabricated 
by crutching with sodium silicate of appropriate concentration, whereby the 
fatty acids can be reduced as low as 20 per cent, the soap eventually losing 
its characteristic grain and firmness; or by mixing with strong sodium car- 
bonate and silicate solution whereby the fatty acids can be reduced as low as 
55 per cent, with loss of structure, but retaining and even increasing the 
hardness of the soap. Mixtures with china clay, talc and the like are usually 
regarded as methods of adulteration. 

The hard “run” soaps above mentioned are particularly adapted for taking 
up other admixtures such as medications (carbolic acid, coal tar, etc.) or 
naphtha, paraffin and mineral oils. Carbolic acid is frequently mixed with 
pure soaps. The resultant mixed soap has little structure and is softer than 
the original soap unless it is dried up and thus dehydrated in the process. 

Colored mottled soaps, as usually produced, are silicated soaps containing 
coloring matter. They can be hardened by pickling in strong brine solu- 
tion. Marbled soaps produced on the continent are made by mixing two hot 
soap solutions of approximately equal specific gravity at a temperature slightly 
below that at which the soaps have been settled out. 


THE GENERALIZED APPLICATION OF THE PHASE RULE DIAGRAM 


It is evident that the soap boiler operates wholly in heterogeneous sys- 
tems which we can now recognize on the phase rule diagrams. The total 
composition of the contents of the soap pan or kettle comes about half way 
up in the diagram and the greatest fluctuation is that due to varying the amount 
of alkali and of salt. During separation there is lye and neat soap in addi- 
tion to the oil and in some works the attempt is made to keep the concentra- 
tion of alkali as high as possible without exceeding the limit at which curding 
or graining begins. This is likewise often the case during boiling on strength. 
During the washing to recover the glycerine the soap is partly salted out as 
curd fibers, the most insoluble soaps curding first, the others remaining as 
portions of neat soap surrounding them. It is only after these processes 
that the strong solution of electrolytes is drawn off and sufficient water. is 
added to bring the contents of the soap pan into the region neat soap-nigre. 
It remains a matter for careful determination as to whether this is ever carried 
so far as to reach the middle soap region. 

It is only necessary to draw a straight line across any of the diagrams 
connecting the given point in the region neat soap-nigre, with the right hand 
corner of the diagram representing pure salt, in order quantitatively to pre- 
dict the effect of further addition of salt upon the amount and composition 
of the nigre. It is seen at once that (except where nearly all the soap is 
already neat soap) such addition diminishes the amount of nigre at the same 
time as it lessens its content of soap. Altering the amount of water whilst 
keeping the proportion of salt constant merely varies the respective pro- 
portion of neat soap and nigre in a manner which can be read from the 
diagram. 

We now come to a most important set of generalizations which enable 
us to apply the phase rule diagram to any soap, pure or commercial, in the 
presence of any electrolyte or mixture of electrolytes. This is exemplified 
when we now point out that the results of Thorl, Batz, Richert, Perkowski, 
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Merklen and Elford, which have all been plotted on the same scale diagrams, 


were obtained from different series of experiments in which the electrolytes 


were greatly varied in nature and amount and in which we have merely 
multiplied the analytical data by numerical factors taken from Richert’s dis- 


ee 


sertation.22 The results are thus given as though all the experiments had | 


been carried out with solutions of pure sodium hydroxide alone. 

In the first place it is evident from scattered information, published and 
unpublished, that there is little or no fractionation when mixtures of soaps 
separate into liquid layers. Hence, as far as formation of liquid layers is con- 
cerned, the most complicated mixture of commercial oils and fats contain- 
ing a number of electrolytes such as hydroxide, carbonate, chloride, sulphate, 
etc., exhibits a behavior similar to that of a three-component system such 
as is described in the present paper. It is only when sufficient salt has been 
added to cause a separation of some of the least soluble soaps as curd fibers, 
that fractionation of the soaps sets in, and the behavior is that of a more 
complicated system. : : 

There are therefore now two things to discuss, first, the relative behavior 
of various soaps, and second the effect of various electrolytes and mixtures 
of electrolytes. : 

The soap diagrams are so similar, that information with regard to a point 
on one of the main boundaries, enables us to construct the approximate dia- 
gram for the particular soap and electrolytes in question. It is for this reason 
that we are able to turn to account such experiments as those of Richert 
which dealt with soap solutions so dilute that they never occur in soap boil- 
ing. It is possible by studying Richert’s data and diagrams and casual re- 
marks, to deduce the approximate minimum concentrations of various elec- 
trolytes required to initiate formation of the two liquid layers, nigre-lye. 
Likewise, although more roughly, one may deduce the concentrations at which 
curding commenced. It should be pointed out that some of Leimdorfer’s *8 
statements are in flat contradiction of Richert’s results which were at that 
time unknown to Leimdorfer. In so far as our own work has included sys- 
tems similar to those of Richert, we have confirmed, at least approximately, 
his observations, although his interpretations and ideas conflicted with the 
phase rule. 

Table I presents results deducted from Richert’s data showing the con- 
centrations of various electrolytes required to produce the two isotropic liquid 
layer systems, nigre-lye with various pure soaps, in unspecified dilutions of 
probably about N/8 or N/4. Richert’s concentrations are given in grams 
per 100 c.c. of solution at 100° C. and not in true per cent and they refer 
only to the lower layer, since the upper layer was not analyzed. The num- 
bers given are not always the minimum concentrations but merely the weak- 
est solutions he used. Most of the values have been deduced from a study 
of his graphs in the light of his incidental comments. 

Table I reveals a great regularity in the amount of salts required to salt 
out the various pure sodium and potassium soaps. For instance, the amount 
of potassium salt required to salt out a potassium soap is always twice as 
great as that of the sodium salt required to salt out the corresponding sodium 
soap. Richert’s observations must be substantially correct although it is 
impossible to deduce the numerical values accurately and it is rather difficult 
to compare them exactly with the data of other workers, since Richert gives 


only the concentration of lye and not the composition of either the total system 
or of the soap layer. 
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TABLE I 


Tue Mintmum Numsber or Grams or Various Sats 1n 100 C.C. or Lye at 100° C. 
Wuen Two Liguip Layers (Nicre: Lyz) Are Just FormMep rrom Porasstum 
AND SODIUM SOAPS _ 


Electrolyte KOH KCl KoCOg NaOH NaCl NasCO3 
Banieaten Gs avers cc oe och se 3 — as = = —_ 
Pledrater Gag ee en fi 8 13 3 — 6 
Oleate (On BS LO OCs CaO OTE 8 — 15 4 5 7 
Baimitate i Cistickn gosimesneese 10 12 18 4 5 8 
mmolater Cua gasmee ate occ inis 10 13 19 = — — 
Byiivristate: Gyan serse recess waeincto 15 20 26 8 8 16 
Batitiate, Crs Geet cc oes oho s 21 — 34 12 13 — 

RATIOS: Arse Eo hievid,. 1.50 2.00 2.78 0.87 1.00 1.84 


N.B.—A mixture of Na oleate and Na myristate is half way between pure Na oleate 
and pure Na myristate. 


Table II gives unpublished observations by Adams, Staddon and Pitter 
showing the minimum concentrations of various salts required to salt out 
0.25 Nw» sodium palmitate at 90° C. It will be seen that the value with sodium 
chloride accords with Richert’s value for sodium palmitate. The fourth 
and sixth columns give the ratios between the per cent by weight and the 
equivalent normality for the various salts in columns three and five, taking 
sodium chloride arbitrarily as unity in each case. 


SOR asa. Ee a 
sea SE hes tse we ete 
TABLE II 
Maximum CoNcENTRATION oF VARIOUS SALTS Wuicu CAN Be Dissotvep 1n 0.25 Nw 
Soptum PALmITATE At 90° C. BrErorE Sattinc Our Into Two Isorroric Lrqurp 
Layers RESULTS 


Per Cent 


Salt Mol. Wt. by Weight Ratio Nw * Ratio 

AOL aaaieentebien 00 “ 0.87 pli 1.27 
NEN Sie dat tiene ee te ae 58.46 4.95 1.000 0.953 1.000 
INEWIN Gor | oe ae hie tae he oer ae 82.03 6.42 1.30 0.895 0.94 
Ser IN@) ste cote totes sahara ees 2 85.01 7.74 1.56 1.056 weal 
Pea teas ree tageen os, soa revedeueie denen: 102.90 8.05 1.62 0.915 0.96 
NEM GOS ii SES Bea ene 106.00 9.50 1.84 1.00 1.01 

Bill Satiocs a eeniaronar cetaeec aie 149.90 27, 2.28 0.906 0.95 
NERQIOR Somoooad Seecaer ane 294.00 US 3.04 0.645 0.68 
IN@ASTOV I Sc tied Sean oiscten 142.10 9.89 2.00 0.83 0.87 
ING Grl RIO RS tos pera cage cidolo a 194.10 +10.46 Eieeale +0.65 0.68 


*Mols per 1000 grams water. ; F f 
+ Data for hydroxide and carbonate deduced from Richert’s ratios. 


A further check upon the regularity of Richert’s observations is given 
by Table III, in which is tabulated the minimum concentrations of lye at 
100° C. for the production of curd fibers. It will be noted that the concen- 
trations in this table are all approximately one fifth greater than in the 
previous Table I. Further, Langdon found that sodium palmitate is curded 
by a 7 per cent solution of sodium chloride and Stiepel *® found for sodium 
laurate, myristate, palmitate and stearate 18, 9, 7 and 5 per cent respectively 
as compared with Richert’s 14, 10, 6 and 5 per cent. Kronacher’s unpub- 
lished data shown in illustrations of Martin M. Fischer *** * agree approxi- 
mately with those here quoted. 


* “Soaps and Proteins,” p. 117. 
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TABLE III 


° ] 
Tue Minrmum Numper or GRAMS OF VarIoUS SALTS IN 100 c.c. Lye ar 100° C. For 
Curp Frsers To APPEAR IN NEAT SOAP LAYER 


Electrolyte KOH KCl K.COzg NaOH NaCl Na2.COz3 
ifticaten Gameretres ancients — — — — —_ _ 
Stearates Gissmmies crete (vp) 13 20 4 — , 
(OleateM Oise occ tertaees 10 — 19.5 4 5 
Palmitate e Gis werteeciie leas 11 = 22 5 6 12 
inolaten GusaaeeerererEin 13 19 24 — — _— 
Myristate @:su eee staal: 18 >23 >38 9 10 17.8 
icayratey Cx meee aren 25 — SKy/ 13 14 — 

Ratios (Table 1) ..... 1.50 2.00 Als 0.87 1.00 1.84 


N.B—WNotice also that the values for sodium salts are about half those for corre- 
sponding potassium salts in both tables. 


Tables I, II and III demonstrate the regularity discovered by Richert 
that the relative amounts of hydroxide, carbonate and chloride required to 
form the two layers nigre-lye is a constant independent of the nature of the 
soap. Hence, the concentrations of any of these or of their mixtures may be 
expressed in terms of sodium chloride as “effective salt concentration.” A 
mixture of these electrolytes shows that their relative effect is additive, being 
the algebraic sum of their constituents, so that for example two layers are 
produced by a mixture containing just one half as much chloride together 
with half as much carbonate alone. Table IV gives the ratios found by 
Richert for sodium salts with sodium soaps and for potassium salts with 
potassium soaps respectively; the chloride being taken arbitrarily as unity in 
each case. Our values for other salts are to be found in Table II. 


TABLE IV 


RELATIVE Minrtmum Amounts oF HypROXIDE, CHLORIDE, AND CARBONATE OF SODIUM AND 
Potassium, REQUIRED FoR SALTING Our (1N ARBITRARY UNITS) 


Hydroxide Chloride Carbonate 
Potassiumesalts by welghtereechmaemiet 0.76 1.00 1.39 
Sodiumesaltsaby, weichtem mentee ert 0.87 1.00 1.84 
IRotassitiinmsa iiss 1101S sere et eee 1.02 1,00 0.70 
Sodvumesadltsemols: s.r ee renee ara 27, 1.00 1.01 


The data of Batz for tallow soap and of Thorl for coconut soap con- 
firm the validity of the same ratios for the formation of the two-layer sys- 
tem nigre-lye. Furthermore, Thorl’s data for the system neat tallow soap- 
nigre extends their validity to this region. Richert himself was able to use 
some of Merklen’s comprehensive data to prove the same point and he also 
quotes unpublished data of Perkowski for tallow soap to the same effect. 

_ There remains a consideration of the extent to which the behavior of a 
mixture of soaps can be predicted from their pure constituents. In the first 
place Richert found with mixtures of equal amounts of oleate and myristate 
that the concentrations of hydroxide and carbonate required to produce two 
liquid layers was almost exactly the mean of the two pure soaps. It is more 
difficult to compare the behavior of commercial oils and fats with that pre- 
dicted from their separate constituents, because in most cases only the chief 
constituents are known and that only approximately. However, Richert 
quotes data by Perkowski for stearin, coconut oil and tallow in which the 
concentrations required for salting out come fairly between those obtained 
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for the known chief pure constituents. In general, the writer has derived 
the impression that the amount of any salt or a mixture of salts required to 
produce a given effect in a commercial mixture is between Yo and % more 
than would have been expected from a knowledge of the more important con- 
stituents. This may be partly due to the presence of glycerine which slightly 
but distinctly increases the concentration of salt required. 

Merklen determined experimentally the maximum concentration of. salt 
for the formation of nigre, using soaps made from each of the common oils. 
He adjusted the concentration of the electrolyte until he judged from the 
appearance of the grained out soap that it was just beginning to dissolve 
in the boiling lye. This he designated “limiting lye” (lessive limite, Grenz- 
lauge). The value of a knowledge of this characteristic constant for each 
oil or fat needs no emphasis, especially since the range of possible concen- 
trations between presence of nigre and graining out of curd is narrow. 

The following are Merklen’s values for soaps of various oils, which are 
possibly determined with an accuracy of 10 to 20 per cent, judging by in- 
ternal evidence. Sesame 6.8, olive 8.1, poppy seed 6.6, poppy seed reheated 
7.7, lard 6,0, lard without salt 7.2, tallow 7.0, linseed 7.5, sulphur oil 13.3, 
saponification olein 8.6, saponification olein with glycerine 9.1, saponification 
stearine 6.2, cotton seed oil 6.9, earth nut oil 6.7, castor oil 25.1, castor oil 
and earth nut oil 17.6 per cent. 

Some further regularities assist us to grasp the general characters of 
the various soap systems. One deals with the relation between the concentra- 
tions of electrolytes in the lower layer and neat soap and the other gives an 
indication of the temperatures at which neat soap solidifies. 

The upper or “neat soap” layer of most well fitted soaps contains about 
30 per cent by weight of water. About half of this is probably combined 
in some way with the soap in that layer, the other half acts as a solvent. 
The weight normality of electrolytes and non-electrolytes present in the neat 
soap when referred to the total water in that layer, is usually about one third 
of their weight normality in a lower layer whether this is nigre or lye; this 
is roughly one tenth of the amount in the lower layer when both are ex- 
pressed in per cent by weight. 

Numerous illustrations of this occur in the data of Merklen for special 
soaps; the following may serve as examples. Two different soaps were pre- 
pared from lard by boiling upon two lyes (not nigre) in which by varying 
the amount of carbonate and hydroxide the concentration of sodium chlo- 
ride was increased ninefold. The “effective salt concentrations’ of these 
lyes were 10.01 and 7.51 respectively ; that of the corresponding soaps, 1.15 
and 0.94, and the per cent of water 33.9 and 36.6. It will be seen that the 
ratios of the effective salt concentrations of the two respective layers when 
corrected for the difference in amount of water present become almost identical. 
In four other soaps made from tallow, linseed oil, cotton seed oil, and earth 
nut oil, the ratios between the per cent of sodium chloride in lye and soap were 
11.2, 11.4, 11.4, and 10.4 respectively. Glycerine has a smaller distribution 
ratio. 

Krafft °° was the first to notice that there is some unexplained connec- 
tion between the curding temperatures of pure soap solutions and the melt- 
ing points of the respective pure fatty acids; these are practically identical 
for solutions of moderate concentrations such as normal or 10 per cent. 
Merklen found that soap solutions of the concentration of neat soap, solidify 
at a temperature from 15° to 20° higher than the melting points of the free 
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fatty acids. This is exemplified in Figure 2 where the curding temperature 
of these two concentrations of soap solutions are seen to be 60° to 66° and 
80° C. as compared with the melting point of palmitic acid which is 62° C. 
The rule however does not apply to mixtures of soaps and their curding tem- 
peratures are not necessarily intermediate between those of the constituents. 

We have now seen that all soaps, pure, mixed and commercial, whether 
potassium or sodium, are essentially of the same type, the differences being 
in degree and not in kind; and that by means of numerical factors we can 
predict the effect of any electrolyte or mixture of electrolytes. Further, the 
same relations hold for all parts of the equilibrium diagram. Finally, to a 
large extent the behavior of a mixture of soaps can be predicted from their 
pure constituents. 

It is evident that the way has now been opened for a solution of some 
of the outstanding problems of soap boiling, and that a comprehensive frame- 
work is being developed into which can be fitted all the facts obtained by 
sciéntific research or through long tried technical experience. 
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Determination of Size and Mass of Colloidal Particles 


ProFessor E. FRANKLIN Burton, 
University of Toronto, Toronto, Canada 


1. PERMANENT SUSPENSIONS 


The most comprehensive definition describes a colloidal solution as a sus- 
pension in a liquid medium of solid particles (or liquid globules), the linear 
dimensions of which lie approximately between 10 cm. and 10°° cm.; the lower 
limit is fixed by the smallest particle that has been seen by the ultra-microscope, 
while the upper limit is fixed by the size of particle which will just not settle 
under the force of gravitation. 

A particle in suspension in a liquid is acted upon by gravitation, the buoyant 
force due to the medium, and also, when motion takes place, by the resistance 
due to viscosity. The net gravitation force on a spherical particle (radius a) 
is given by 


G = Sna* (d, — ds)g dynes (1) 


where d, and dz are the densities of the particle and the medium respectively. 
[f such a particle is moving in the liquid with a velocity v Stokes’ law gives 


for the force of liquid friction 
F = 6xnav (2) 


where n = the viscosity of the liquid medium. As the force G is constant for 
2 given experiment, and F varies as the velocity of the particle, when the 
sphere falls in the liquid, it attains a constant limiting velocity when fF = G; 
from (1) and (2) we find this limiting velocity vp) to be given by 


2 (d,—d. 
i, sae Sy (3) 
f this formula holds, one should be able to measure a through determining v» 


xperimentally. 

Since v varies directly as a’, it is apparent that as a decreases, there should 
ye a very rapid decrease in vo. In Table I are given the values of vw, for silver 
articles falling in water at 20° C. (w= .01). 


TABLE I 
VELOcITY oF FALL oF SILVER SPHERES IN WATER 


Radius Vel., Cms. per Sec. Time to Fall 1 Cm. 

1 cm, 200,000 0.000005 sec. 

0.1 2,000 .0005 g: 
01 20 05 ss 
001 0.2 5 s 
0001 0.002 500 f 
00001 00002 50,000 sec.=¥% day, app. 
000001 .0000002 5,000,000 sec. = 58 days, app. 
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Even in the entire absence of convection currents in the liquid, the motion 
possessed by very small particles as indicated in the above table would be 
entirely masked by the random motion of the particles due to molecular bom- 
bardment—the so-called Brownian movement. The theoretical formula ex- 
pressing the magnitude of such motion has been tested very rigidly by 
experiment and is now generally accepted. If D cms. represents the displace- 
ment parallel to any direction in time ¢ sec. of a spherical particle of radius a, 
due to collisions with the molecules of the liquid medium 

eae eae 
oie N° 3mn° a Ge 
where R and N are the ordinary gas constants (numerically equal respectively 
to 83 & 10° and 7 & 1078), T the absolute temperature and we the viscosity 
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of the medium. It is important to notice the relation between D and ¢; on 
pecount of the random, zigzag nature of the motion, the displacement is pro- 
portional to the square root of ¢ and not to ¢ simply. In other words, a calcu- 


ae value of the velocity D/t is not constant but depends upon the value of ¢ 
itself, 


The characteristic feature of this Brownian m 


random nature: ovement 1s its perfectly 


if, then, the magnitude of this motion ha 

to or greater than the vertical motion due to gravitation Creu Beri 
completely neutralized and such particles will cease to show any settling even 
over long periods. Under given conditions of temperature, density of articld 
etc., it is possible to calculate the critical radius of a spherical ee such 


DETERMINATION OF SIZE AND MASS: 167 


that the Brownian movement for a given period of observation is just equal 

to the gravitational fall during that period. In Table IT are given such results 

for particles of density 2, 11, and 21 (i.e., dg, —d, = 1, 10 and 20 respectively ) 

suspended in water at temperature T = 300° C., calculated for periods of 

observation 1 sec., 0.1 sec. and 0.01 sec. respectively. For convenience of 

potting, the radii and distances are all expressed in terms of uu which equals 
mycin, 


TABLE II 


FRELATION BETWEEN GRAV/TATIONAL FALL AND BROWNIAN MOVEMENT 
DISPLACEMENT FOR SUSPENDED FARTICLES . 


BROWNIAN | GravirarionaL Fal. FROM v= &r-d2)9 . g? 

MOVEMENT FROM vi= X.jpt (ups 18-7270) 

B= FOIE RA “ 
N 37 a 


t= 0'/ Sec. t= 00; F 
406. OD PX 109. x /09. aig 


Og. X 
FE [Seal 0 (sec OlSad dees! |d-<hs10| UrGePNT- Gel [a- 10 LANGE dd 10d DO 
P| a [a5 [3 loas|res evs |resloes| -i3|z09|7.091 9 
TIME 0-0) SEC. 
eon 


5:13 


TIME 0:1 SEC. . 
CRITICAL PPADIUS 9:3 x 10cm | 148 x 1o-Fcm|| 23 
FOR WHICH x=D | 10 59x 107%cem| 9:1 xl07%cm. 


These results are illustrated in Fig, 1. 

Since in the formula for the Brownian movement the density of the particle 
is not involved, the three parallel lines representing the relation between 
the Brownian displacement and the radii of the particles for the given 
periods of time are independent of the different densities. The second set of 
parallels represents the various values of the vertical descent (#), which de- 
pends on the density of the particles as well as the time interval; we have, 
consequently, 9 x-lines, of which two pairs happen to coincide. If one selects 
a given period, say 1 sec., the points where this D-line cuts the corresponding 
x-line will enable one to determine from the graph the size of particle for 
which the two motions are just equal—our so-called critical radius. Although 
it remains indefinite as to just what period of time one should select, one must 
allow long enough to enable the particle to attain its limiting value, and 
consequently the period chosen cannot be reduced indefinitely; it is probable 
that the results given by a period of one second are not amiss. With this 
standard one would judge from the results in Table II that particles sensibly 
larger than the critical radius would show settling, while those having radii 
equal to or less than the critical radius would not settle at all. This would 
give the following critical radii: 


Gg ee Feesipnut).9 0, < LOs cine d,—, 11 (e.g. Silver), 
Beet Oe deel 6.0.2 latigum), 2:6 < 10 cm. 


Naturally, the critical radius will increase rapidly as the density of the particle 
approaches that of water. Some of the solutions of gamboge used by Perrin 
contained particles visible in the ordinary microscope. 


7:1 x10 °crm 
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2. Meruops of DETERMINING THE SIZE OF COLLOIDAL PARTICLES 


It is a curious coincidence that the critical radii of substances, which usually 
are met with in the study of colloidal solutions, are just beyond the limit of 
visibility with the ordinary high power microscope, and, consequently, their 
dimensions must be determined in some indirect manner. The various methods 
applied may be classified as follows: 


A. Direct measurement by means of microscope. 
B. Indirect measurement by observation of time of settling 
(1) freely under gravity, 
(2) under gravity accompanied by electric field, _ 
(3) under artificial settling force due to centrifuging. 
C. Determination of number of particles per unit volume 
(1) by use of the hemocytometer, 
(2) after coagulation, 
(3) by gilding particles in solution. 
D. Use of various theoretical formule involving the radius: 
(1) Brownian movement. 
(2) Optical absorption. 


3. Meruops oF Drrect OBSERVATION 


A. It is apparent from Table II that suspensions of some materials of small 
density will have particles which can be observed and measured directly by 
means of the micrometer eye-piece. Even for particles just about the limit of 
visibility of the microscope, the method used by Perrin? may sometimes be 
adopted. He noticed that in a slightly acidulated solution of gamboge, the 
particles would sometimes coagulate together in a chain. By measuring the 
length of the chain and counting the number of particles in it, the diameters 
could be determined; this method takes for granted that the particles are 
uatlery in size. However, as a usual thing, this direct method cannot be 
applied. 


4. Meruops Usine Vetocity oF SETTLING 


Be, ARP the radii of the particles are above the critical radii defined in section 
1, the velocity of settling can be observed and the radius determined by use 
of equation (3) which may be re-written: 


eee) Uo 
IMC SD (5) 


B,. The preceding method has very limited application because very few 
such solutions have particles large enough to settle under gravity. The fol- 
lowing method is now being used by the author, and promises to give con- 
cordant results.* By the use of the U-tube illustrated in Fig. 2 the mobility 
of the particles can be determined in an electric field? Part of the U-tube is 
filled with the dispersion medium and a quantity of the solution ATB is intro- 
duced under this clear liquid by means of the funnel F and tap T. Platinized 
electrodes are kept at a convenient level in the upper clear medium and a 
constant potential difference maintained over a given period of time. The rate 

* Burton and Reid, Phil. Mag., 1925. 
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of migration of the two boundaries A and B can be observed and so the 
mobility deduced. In practice the potential is kept in one direction for, say, 
ten minutes and then reversed for twenty; the average of the two displace- 
ments at 4 and B is taken for the last twenty minutes. With many samples 
it is noticed that during this operation there occurs a slight settling of the 
colloidal surfaces dA and B—a settling which is manifestly due to gravity, 
although the colloid if left to itself would show no settling at all. The ex- 
planation is as follows. When the sample is left to itself and shows no 
settling, it means that the Brownian movement is sufficient to completely mask 
the gravitational fall, but, when the particles are swept back and forth by the 
electrical field, if the direction of the gravitational force coincides with that 


Fic. 2.—Velocity Tube. 


motion, the gravitational force will be acting with or against the electrical 
force on each particle. Consequently as a particle moves up in one of the tubes 
in obedience to the electrical force it is being pushed along by a force given by 


4 
Electrical Force — 3 ma*(d,—ds)g; 
when moving down the tube it is acted upon by a force. 
4 
Electrical Force ++ 3 ma’ (d, — dz) g. 


There will be a net settling, x cms., during the time ¢ such that from equation 
(3) we shall have: 


Pee ate tnt (d,—d2)g 2 
a i a (6) 


In order to minimize the disturbance due to diffusion of the products of elec- 
trolysis a potential alternating every minute or so Is applied and as a result 
settling takes place, from which the size of particle may be deduced by the 
above equation. This method will likely prove applicable to particles of radius 


below 10°° cm. 
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B,. The process of settling has been artificially intensified by the applica- 


tion of the centrifuge, suggested first by Svedberg.* By using a centrifugal 
force instead of gravity it is possible to extend the range of the settling method 


considerably.* 
P 
A B 
Q 


Fic. 3.—Centrifugal Action on Particles. 


If O represents the position of a colloidal particle in the revolving tube 4B 
of a centrifuge at time ¢ and at a perpendicular distance x from the vertical 
axis of rotation PQ, the forces acting upon the particle will be: 


: na*(d, —d,.)w?x, the centrifugal force, (7) 
and 
Onna a the frictional force (Stokes), (8) 


where w is the angular velocity of the tube. For uniform motion we have 
equating (7) and (8). 

dx  2-a?(d,—d,)w? 

hoe ee ee ce 


which is analogous to formula (3). 
If, in time t, the particle moves from + = 4, to + = %2 we obtain by in- 


tegration, 
Pepe i ¢ 
[rie 22 AB ool 
x 9 a n o 


xy 


Dita eee 
Se ee) (eieads) {Obs Of) a= 9 
o n 


MOR AG 


This method has very far-reaching possibilities in the hands of trained 
workers; it is necessary to observe the motion of the surface of the colloid 
while the centrifuge is actually in motion as the re-diffusion of the colloidal 
particles after the cessation of the revolving motion is very rapid. 


Ve 
n log —— 
1 


(10) 


reels Xe 
1.€., — 
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5. Merrxops INvoLvING EstIMATION OF THE NUMBER OF ParTICLES PER 
Unit VoLUME By COUNTING 


C,. By use of Hemocytometer.® 

The ordinary hemocytometer or blood counter enables one to view by 
means of the microscope an extremely small volume of liquid; it consists of 
a special microscope slide illustrated in plan and section in Fig. 4. A short 
truncated cone of glass A is fixed on a glass plate S and surrounded by an 


* See paper by T. Svedberg, this volume. J. A. 
t See Svedberg and Rinde, J. Am. Chem. Soc., 46, 2677 (1924). 
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outer plate B. The upper surface of B is so adjusted as to be just 0.1 mm. 
above that of 4; the surfaces of A, B and the cover slip C are all optically 
plane, so that when C is placed on B, there will exist between the top of 4 
and Ca space exactly 0.1 mm. thick, In addition, the central portion of the 
surface A is divided by diamond point rulings into small squares either 
0.1 mm. or 0.05 mm. side. When a drop of colloidal solution is placed on A 
and covered by C, the surplus flows down into the annular groove about A, 
and a volume as small as 0.00025 cu. mm. can be discerned through the micro- 
“scope. By raising or lowering the objective very slightly, it is possible to 
bring all the particles in a layer 0.1 mm. thick into view, and so for sufficiently 


Fic. 4.— The Hamocytometer. 


dilute solutions the number of particles per cu. mm. can be very approximately 
determined. The following is a sample of such a determination, typical as 
regards the method and the magnitude of the quantities involved: 

A silver solution (after Bredig) containing 6.8 mgms. of metal per 100 c.c. 
was diluted with distilled water to one hundred times its original volume. A 
drop of the dilute liquid showed on the average the presence of 300 particles 
per volume 0.1 cu.mm. Therefore in the original solution per cubic centimeter 
there were 3 X 10° particles weighing 6.8 & 10° grm. 

If the specific gravity of the silver particles be taken as 10.5, the mean 
volume of the particles in solution is 2.2 X 10°** c.c. Assuming that the par- 
ticles are in the form of small spheres, the mean radius being a, 


Fa el Or) eh ey x 0 cm, 


There are elements of uncertainty in the above method. Under the best 
circumstances the observations require considerable time, during all of which 
the Brownian movement will cause particles to move into and out of the field 
of view; such a difficulty can be overcome only by a large number of observa- 
tions on each sample. It is not known definitely whether or not merely diluting 
the sample may cause a change in the size of the particles. The ordinary 
method of finding the total amount of disperse substance per unit volume is 
by evaporating the solution and weighing the residue; in this, one assumes 
that the substance is all confined to the submicrons, while in reality there are 
probably always present amicrons and some of the material in the state of 
molecular solution. A more exact determination involves the separation of 
the disperse phase by means of a collodion filter and analysis of the dry 
residue and filtrate separately. An additional source of difficulty is in the 
choice of the density of the material suspended. I¢xperiments such as those 
of Rose and Cholodny on gold and silver colloids show that there is not much 
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error in taking the density equal to that of the solid for the metal sols; for 
such solutions as mastic in water, the density reckoned from the dried residue — 
would be only an approximation. 

C,. Counting Particles after Coagulation. 

Perrin (loc. cit.) noticed that in a slightly acidulated solution of gamboge 
the granules become fixed to the glass walls of the containing vessel when they 
approach near enough. After some hours all of the granules in a small volume 
viewed in a microscope stick to the wall and can then be counted at leisure. 

C;. Gilding Ultramicroscopic Particles of Colloidal Solutions. 

Svedberg ® and his pupils have made extended use of a method first sug- 
gested by Zsigmondy. The latter found that if even extremely small particles 
of gold existed in a medium where gold colloidal solutions were being prepared, 
the gold readily condensed about these particles as nuclei and under proper 
conditions did not form new centers of condensation. Zsigmondy suggested 
that this phenomenon could be applied to artificially enlarge the nuclei present 
‘in a volume of liquid and so bring the individual particles up to a size large 
enough to enable one to estimate their sizes by one of the foregoing methods. 
If we know the mass of disperse phase of the original sol, we can calculate the 
size of the original particles. “In that way we have been able to measure the — 
radius of particles down to about r= 1.0 uu. Of course it is very important 
that all the gold be deposited on the particles we are measuring—that there 
shall be no spontaneous formation of particles. According to some investiga- 
tions by Westgren, the concentration of the HAuCl, should not be less than 
10-* normal and the number of nuclei not less than 5 X 10° per c.c. If we 
have too few gold nuclei, some of the gold forms new particles so that we get 
too high a number. If we get the same number n per c.c. of nuclear liquid 
when we use different amounts of our nuclei liquid together with different 
amounts of HAuCl,, 2.e., if we get a linear relation between the number of 
particles and the number of cubic centimeters of nuclear liquid that we use, 
this is a criterion that there is no spontaneous formation of particles. 

“Borjeson has shown that it is possible to determine the size of small 
particles of other metal colloids by using a suitable gold reduction mixture. 
Not only metals but a few other substances such as sulphides can be deter- 
mined by depositing gold upon the particles. The method applies not only to 
the determination of size of particles in hydrosols but also to organosols con- 
taining metallic particles.” 


6. Various THEORETICAL FoRMULZ 


D,. The Brownian Movement. 

Brownian Movement is the name given to the continual zigzag motion 
possessed by small particles held in suspension in liquids or gases; it has been 
shown to be due to collisions between the particles and the molecules of the 
medium. The connection between the extent of the motion, the time of 
observation, and other factors has been worked out theoretically in various 
ways by Einstein, Smoluchowski, and Langevin (see Burton’). As a result 
of this work we have the formula already referred to (Equation 4): 


ar 
~ N° 30n'a 


where the letters have the significance already defined.* 
* See also paper by R. A. Millikan, this volume, p. 174. J. A, 


D? 
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Measurements of D, a, ¢, T and n have been made by very many workers 
on many different kinds of solutions ; the truth of the formula is now accepted. 
As a consequence, it has been suggested that this formula may be used to 
calculate a for particles for which simultaneous values of D, t, T and n have 
been observed. 

This method must be accepted with reserve on account of the precautions 
necessary in order to obtain true values of D and ¢ in any given case. 

D,. Optical Absorption and Scattering. 

Much work ® has been done by Garnett, Spence, Mie, Steubing, Gans, 
Mecklenberg, Svedberg ® and Rinde, Lampa and others on the absorption of 
light and scattering of light by colloidal solutions; certain relations have been 
found to exist between these phenomena and the sizes of the particles but 
these determinations are not yet definite enough to be used in the actual calcu- 
lation of the sizes.*° 


7. CONCLUSIONS 


In the various methods outlined above there are two different kinds of size 
determinations. Those methods involving a measurement of the rate of 
settling under any circumstances, or of the displacement due to the Brownian 
movement, may be used to give the value of the radius of the particles. The 
assumption that the particles are spherical is inherent in these methods since 
they all depend ultimately on the truth of Stokes’ Law (Equation 2) which 
is true for spherical particles only. Those methods depending on the counting 
of the number of particles in a given volume led to an estimation of the mass 
of the particles: the total mass of the disperse phase can be usually determined 
independently, and consequently the mass per particle. In order to deduce 
the size of the particle one must assume that the density of the particle is 
known; usually the density is assumed to be that of the material in large 
masses. This assumption has been shown to be true for gamboge by Perrin, 
and for arsenic sulphide by Burton and Currie.™ 
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Measuring the Electron and Checking the Kinetic 
- Theory by Ultramicroscopic Observations on 
Minute Droplets 


By Pror. Ropert ANDREWS MILLIKAN,* 


Director of the Norman Bridge Laboratory of Physics, California Institute 
of Technology, Pasadena, Cal. 


The term “electron” was suggested in 1891 by Dr. G. Johnstone Stoney 
as a name for the “natural unit of electricity,” i.e. that quantity of elec- 
tricity which must pass through a solution in order to liberate at one of the 
electrodes one atom of hydrogen or of any univalent element or radicle. He 
said: + 

“Attention must be given to Faraday’s Law of Electrolysis, which is equivalent to the 


statement that in electrolysis a definite quantity of electricity, the same in all cases, passes 
for each chemical bond that is ruptured. The author called attention to this form of the 


law in a communication made to the British Association in 1874 and printed in the 
Scientific Proceedings of the Royal Dublin Society of February, 1881, and in the Philo- 
sophical Magazine for May, 1881, pp. 385 and 386 of the latter. It is there shown that 
the amount of this very remarkable quantity of electricity is about the twentiethet 


(that is ) of the usual electromagnetic unit of electricity, z.e., the unit of the Ohm 


a2 
10” ms 
series. This is the same as 3 eleventhets Gas) of the much smaller C.G.S. electrostatic 
unit of quantity. A charge of this amount is associated in the chemical atom with each 
bond. There may accordingly be several such charges in one chemical atom, and there 
appear to be at least two in each atom. These charges, which it will be convenient to 
call “electrons,” cannot be removed from the atom, but they become disguised when atoms 
chemically unite. If an electron be lodged at the point P of the molecule which under- 


goes the motion described in the last chapter, the revolution of this charge will cause an 
electromagnetic undulation in the surrounding ether.’ 


Faraday showed that one coulomb of electricity (7.e., the quantity con- 
veyed in one second by one ampere) would liberate from solutions of univalent 
elements weights exactly proportional to their respective atomic weights. He 
therefore asserted that in the process of electrolysis each atom carries the 
same amount of electricity, and called the charged atomic or atomic group 
an “ion” (Gr. ion = goer or traveler). 

Though Faraday’s experiments gave no notion as to the quantity of 
electricity, ¢, represented by one electron, it enabled us to calculate the ratio 
of the ion charge, E, to the mass, m, of its associated atom in a given solu- 
tion. Thus for silver 

Le i 


m 0.01118 


* This paper is based on Prof. Millikan’s book, ‘The Electron’? (Univ. of Chicago Press), from 
5 was ; 


= 89.44 


which all quotations, not otherwise credited, are taken. 


174 


MEASURING THE ELECTRON 175 


electromagnetic units; for hydrogen 


Soe. 107.88 __ 
m 0.01118 


or approximately 10* electromagnetic units. 

If m refers to the mass of the imaginary element which is the unit of our 
atomic weight system, that is to an atom 4g as heavy as the oxygen atom, or 
Y 07-88 as heavy as the silver atom, we have 


But with this gas one gram molecule is one gram; and if N represents the 

Avogadro constant (number of molecules in one gram molecule), we have 
1 

a, — Lor nS Vv Whence 


Ne = 9650 absolute electromagnetic units 
= 28,950 * 10'° absolute electrostatic units * 


Using the estimates for N then current, Dr. Stoney in 1874 figured e = 0.3 
10°° E.S. units. 

On Feb. 8th, 1897, Prof. Townsend described to the Cambridge Philosophi- 
cal Society the first attempt at a direct determination of e.2 His novel and 
ingenious method contains all the essential elements of some of the subse- 
quent determinations. 

While it had long been known, even to Laplace and to Lavoisier, that the 
hydrogen gas evolved when a metal dissolves in an acid carries an electrical 
charge, this “natural method” of obtaining a charge on a gas was practically 
neglected until the discovery in 1896 that electrical properties can be imparted 
to gases by X-rays. Enright * had indeed observed that H evolved when Fe 
dissolves in sulphuric acid carries a positive charge; but Lodge* urged that 
this was simply a frictional spray phenomenon. 

Townsend first showed, however, that the O and H released on electrolysis 
are charged, being positive when the electrolyte is sulphuric acid and negative 
when the electrolyte is caustic potash. Although only one in about a million 
million molecules were charged, he thus obtained many more ions per cubic 
centimeter than he could get with X-rays—e.g., as high as 5 & 10°° E.S. units. 
These charged particles formed a cloud by condensing atmospheric moisture. 
On bubbling the cloud through concentrated sulphuric acid or any drying 
agent, the moisture was removed and with it about 20 to 25 per cent of the 
original charge ‘on the gas; but in the presence of moisture, the cloud re- 

rmed. 
% To find the charge on each ion, Townsend proceeded as follows: 

(1) He assumed that in saturated water vapor every ion condensed 
moisture about it, .¢., the number of droplets equaled the number of ions. 

(2) He determined the total electrical charge carried by the gas per cubic 
centimeter by means of a quadrant electrometer. 

(3) He determined gravimetrically the total weight of the cloud by 


absorbing it in tared drying tubes. 


* One electromagnetic unit = 3 X 10% electrostatic units, 
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(4) He determined the average weight of the droplets by observing their 
rate of fall under gravity and applying Stokes’ formula. 

(5) He divided the weight of the cloud by the average weight of the 
droplets to obtain the number of droplets (which according to (1) is the 
number of ions), and then divided the total charge by the number of ions to 
find e, the average charge carried by each ion. 

Townsend’s first results were 


Using positive oxygen e = 2.8 XK 107° ES. units 
Using negative oxygen ¢é = 3.1 & 107° E.S. units 


which he later revised to 2.4 and 2.9 respectively. 

The weak points in this method were the assumptions that every ion forms 
a drop, that Stokes’ law applies to such tiny drops, that the drops are all alike, 
fall uniformly and are uninfluenced by evaporation or convection currents. 

Sir J. J. Thomson,® utilizing C. T. R. Wilson’s observation that sudden 
expansion (and consequent cooling) causes ions to act as fog nuclei, and com- 
puting the weight of the cloud by a different method, obtained somewhat 
variable results, approximating those of Townsend. 

H. A. Wilson ® modified Thompson’s method by introducing a negative 
cloud between two horizontal brass plates 314 cm. in diameter and from 4 to 
10 mm. apart, connecting the plates with the terminals of a 2000 volt battery, 
and observing the rate of fall of the top of the cloud when the electric pull 
was added to that of gravity. He thus measured actually the fall of only the 
least heavily charged droplets, and further assumed the identity in size of 
drops produced by repeated expansions. 

If mg represents the force of gravity acting on the droplets in the top 
surface of the cloud and mg + Fe the force of gravity plus the electrical force 
arising from the action of the field F on the charge e, and if v, is the velocity 
of fall under the action of gravity alone, and v, the velocity when both gravity 
and the electrical field are acting, then, if the ratio between the force acting 
and the velocity produced is the same when the particle is charged as when it is 
uncharged, we have - 


ier terre 
mg+ Fe wv. o8) 
Combining this with the Stokes’ law equation which runs 
2 ga*o 
A=5 aa aah 


in which a is the radius, o the density, v, the velocity of the drop under gravity 
g, and x is the viscosity of the air, and then eliminating m by means of 


ase 3 
m = = Tao (3) 


Wilson obtained after substituting for y and o the appropriate values (not 


accurately known, it is true, for saturated air at the temperature existing 
immediately after the expansion), 


—— 9 J 1/2 
e= 3.1 X 10° (v.—n)o, (4) 


MEASURING THE ELECTRON 177 


His eleven results vary from 2.0 to 4.4 & 107°, the mean being e = 3.1 
x, 10-2°, 


Tue BaLAncep Drop Mretriop 


The variability of these results on repetition led the author to try stronger 
electrical fields to hold the top surface of the cloud stationary, so that the rate 
of its evaporation could be accurately observed and allowed for in the com- 
putation. Preliminary experiments using radium as an ionizing agent gave as 
a mean of ten observations e = 4.06 X 10° (extreme values 3.66 to 4.37). 
But these new attempts led to a modification of the cloud method which proved 
of far-reaching importance. Jt made it for the first time possible to make all 
measurements on individual droplets, and thus not merely to eliminate ulti- 
mately all of the questionable assumptions and experimental uncertainties 
involved in the cloud method of determining ¢, but, more important still, it 
made it possible to examine the properties of individual isolated electrons and 
to determine whether different ions actually carry one and the same charge. 
That is to say, it now became possible to determine whether electricity in 
gases and solutions is actually built up out of electrical atoms, each of which 
has exactly the same value, or whether the electron, which first made its 
appearance in Faraday’s experiments and then in Townsend’s and Thomson’s 
experiments on gases, is after all only a statistical mean of charges which are 
themselves greatly divergent. This latter view had been strongly urged up 
to and even after the appearance of the work now under consideration. 

In the spring of 1909 the first determination was made upon the charges 
carried on individual droplets, and the following excerpts are from a report 
of the work at the time.’ 


Tur BALANCING OF INDIVIDUAL CHARGED Drops BY AN ELEcrrRostatic FIELD 


My original plan for eliminating the evaporation error was to obtain, if possible, an 
electric field strong enough exactly to balance the force of gravity upon the cloud and 
then by means of a sliding contact to vary the strength of this field so as to hold the 
cloud balanced throughout its entire life. In this way it was thought that the whole 
evaporation-history of the cloud might be recorded, and that suitable allowances might 
then be made in the observations on the rate of fall to eliminate entirely the error due to 
evaporation. It was not found possible to balance the cloud, as had been originally 
planned, but it was found possible to do something much better: namely, to hold indi- 
vidual charged drops suspended by the field for periods varying from 30 to 60 seconds. 
I have never actually timed drops which lasted more than 45 seconds, although I have 
several times observed drops which in my judgment lasted considerably longer than this. 
The drops which it was found possible to balance by an electrical field always carried 
multiple charges, and the difficulty experienced in balancing such drops was less than 

anticipated. 

aa a auedure is simply to form a cloud and throw on the field immediately there- 
after. The drops which have charges of the same sign as that of the upper plate or 
too weak charges of the opposite sign rapidly fall, while those which are charged with 
too many multiples of the sign opposite to that of the upper plate are jerked up against 
gravity to this plate. The result is that after a lapse of 7 or 8 seconds the field of view 
has become quite clear save for a relatively small number of drops which have just the 
right ratio of charge to mass to be held suspended by the electric field. These appear as 
perfectly distinct bright points. I have on several occasions obtained but one single such 
“star” in the whole field and held it there for nearly a minute. For the most part, how- 
ever, the observations recorded below were made with a considerable number of such 
points in view. Thin, flocculent clouds, the production of which seemed to be facilitated 
by keeping the water-jackets a degree or two above the temperature of the room, were 
found to be particularly favorable to observations of this kind. 
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Furthermore, it was found possible so to vary. the mass of a drop by varying the 
ionization, that drops carrying in some cases two, in some three, in some four, in some 
five, and in some six, multiples could be held suspended by nearly the same field. The 
means of gradually varying the field which had been planned were therefore found to be 
unnecessary. If a given field would not hold any drops suspended it was varied by steps 
of 100 or 200 volts until drops were held stationary, or nearly stationary. When the 
P.D. was thrown off it was often possible to see different drops move down under 
gravity with greatly different speeds, thus showing that these drops had different masses 
and correspondingly different charges. : 

The life-history of these drops is as follows. If they are a little too heavy to be 
held quite stationary by the field they begin to move slowly down under gravity. Since, 
however, they slowly evaporate, their downward motion presently ceases, and they become 
stationary for a considerable period of time. Then the field gets the better of gravity 
and they move slowly upward. Toward the end of their life in the space between the 
plates, this upward motion becomes quite rapidly accelerated and they are drawn with 
considerable speed to the upper plate. This, taken in connection with the fact that their 
whole life between plates only 4 or 5 mm. apart is from 35 to 60 seconds, will make it 
obvious that during a very considerable fraction of this time their motion must be 
exceedingly slow. I have often held drops through a period of from 10 to 15 seconds, 
during which it was impossible to see that they were moving at all. Shortly after an 
expansion I have seen drops which at first seemed stationary, but which then began to 
move slowly down in the direction of gravity, then become stationary again, then finally 
began to move slowly up. This is probably due to the fact that large multiply charged 
drops are not in equilibrium with smaller singly charged drops near them, and hence, 
instead of evaporating, actually grow for a time at the expense of their small neighbors. 
Be this as it may, however, it is by utilizing the experimental fact that there is a con- 
siderable period during which the drops are essentially stationary that it becomes possible 
to make measurements upon the rate of fall in which the error due to evaporation is 
wholly negligible in comparison with the other errors of the experiment. Furthermore, 
in making measurements of this kind the observer is just as likely to time a drop which 
has not quite reached its stationary point as one which has just passed through that 
point, so that the mean of a considerable number of observations would, even from a 
theoretical standpoint, be quite free from an error due to evaporation. 


Tue MeErHop oF OBSERVATION 


The observations on the rate of fall were made with a short-focus telescope, which 
was placed about 2 feet away from the plates. In the eyepiece of this telescope were 
placed three equally spaced cross-hairs, the distance between those at the extremes cor- 
responding to about one-third of the distance between the plates. A small section of the 
space between the plates was illuminated by a narrow beam from an arc light, the heat 
of the arc being absorbed by three water cells in series. The air between the plates was 
ionized by 200 mg. of radium, of activity 20,000, placed from 3 to 10 cm. away from the 
plates. A second or so after expansion the radium was removed, or screened off with 
a lead screen, and the field thrown on by hand by means of a double-throw switch. If 
drops were not found to be held suspended by the field, the P.D. was changed or the 
expansion varied until they were so held. The cross-hairs were set near the lower plate 
and as soon as a stationary drop was found somewhere above the upper cross-hair, it was 
watched for a few seconds to make sure that it was not moving, and then the field was 
thrown off and the plates short-circuited by means of the double-throw switch, so as to 
make sure that they retained no charge. The drop was then timed by means of an 
accurate stop watch as it passed across the three cross-hairs, one of the two hands of the 
watch being stopped at the instant of passage across the middle cross-hair, the other at 
the instant of passage across the lower one. It will be seen that this method of obser - 
tion furnishes a double check upon evaporation; for if the drop is stationary at fase 
it is not evaporating sufficiently to influence the reading of the rate of fall “and poi 
begins to evaporate appreciably before the reading is completed, the time re uired te 
fae cereus bre ree space should be greater than that required to pass thrower the 

: : : 5 
Oe tie e seen from the observations which follow that this was not, in 

It is an exceedingly interesting and instructive experimen 
start and stop, or even reverse its direction of otione Reece ce ee aoe wae 
: hae cae eels drop which was just too light to remain stationary dia iaavelee 

ack and forth in this way four or five times between the same two cross-hairs, watching 
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it first fall under gravity when the field was thrown off and then rise against gravity 
when the field was thrown on. The accuracy and certainty with which the instants of 
passage of the drops across the cross-hairs can be determined are precisely the same as 
that obtainable in timing the passage of a star across the cross-hairs of a transit instru- 
ment. 


“Tn connection with these experiments I chanced to observe a phenomenon which 
interested me very much at the time and suggested quite new possibilities. While work- 
ing with these ‘balanced drops’ I noticed on several occasions on which I had failed 
to screen off the rays from the radium that now and then one of them would suddenly 
change its charge and begin to move up or down in the field, evidently because it had 
captured in the one case a positive, in the other a negative, ion. This opened up the 
possibility of measuring with certainty, not merely the charges on individual droplets 
as I had been doing, but the charge carried by a single atmospheric ion. For by taking 
two speed measurements on the same drop, one before and one after it had caught an 
ion, I could obviously eliminate entirely the properties of the drop and of the medium 


‘and deal with a quantity which was proportional merely to the charge on the captured 
ton itself. 


“Accordingly, in the fall of 1909 there was started the series of experiments described 
in the succeeding section. 

“The problem had already been so nearly solved by the work with the water droplets 
that there seemed no possibility of failure. It was only necessary to get a charged 
droplet entirely free from evaporation into the space between the plates of a horizontal 
air condenser and then, by alternately throwing on and off an electrical field, to keep 
this droplet pacing its beat up and down between the plates until it could catch an 
atmospheric ion in just the way I had already seen the water droplets do. The change 
in the speed in the field would then be exactly proportional to the charge on the ion 
captured.” 


GENERAL ProoFr oF THE Atomic NATURE OF ELECTRICITY 


The sources of error or uncertainty inherent in the “balanced-droplet 
method” are: . 

(1) the lack of stagnancy in the air through which the drop moved 

(2) the lack of perfect uniformity in the electrical field used 

(3) the gradual evaporation of the drops, limiting their life to about a 

minute and the observation of their fall to five or six seconds 

(4) the assumption that Stokes’ formula applies to such tiny drops. 
The method devised to overcome these limitations constituted an entirely 
new way of studying ionization, and one which at once yielded important 
results in a considerable number of directions. 


First, oil was used instead of water, and when sprayed into the ionization 
chamber by an atomizer gave positively charged drops having a radius of the 


order of m., which showed no appreciable evaporation. They entered 


1 
1,000 ™ 
the chamber through a pin hole which constituted its only outlet, thus insuring 
absence of air currents. A 10,000-volt storage battery gave a constant field, 
and the failure of Stokes’ formula, when applied to such tiny drops, was con- 
firmed and allowed for. The record of one drop will show the significance 
of these experiments. The mean time (17 determinations) required for the 
drop to fall 0.5222 cm. under the action of gravity was 13.595 seconds, the 
extremes being 13.4 and 13.8 seconds, 7.e., within the limits of error of the 
stop-watch used in timing. The following figures give the successive times 
which the droplet required to rise under the influence of the electrical field 
produced in this case by applying a P.D. of 5,051 volts to the plates: 12.5, 12.4, 
21.8, 34.8, 84.5, 85.5, 34.6, 34.8, 16.0, 34.8, 34.6, 21.9. 

Since the drop was positive, the increase in time on the third trip up indi- 
cates the capture of a negative ion from the air. The fourth trip indicates the 
capture of another negative ion, and the fifth trip the capture of still another. 
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On the seventh trip evidently this last acquisition was neutralized by the cap- 
ture of a positive ion of like charge. | 

Assuming * that the velocity with which the drop moves is proportional 
to the force acting on it and when the field is off is independent of the electrical 
charge which it carries (as had been done by Townsend, Thomson, and Wil- 
son), we get 


Vy mg wee LEG 
= = ——_ or == (ua+4 5 

Vo Fen — mg CT EO, (1 + %) (9) 

where w= the velocity under gravity. 

U2 = the velocity under the electric field. 

F = the strength of the field. 

m = the mass of the particle. 

g = the acceleration due to gravity. 

en = the charge on the drop (not to be confused with the 

charge on an ion). 
The negative sign is used in the denominator because, for convenience, v2 will be 

taken as positive when the drop is going up in the direction of F, while m will be taken 
as positive when it is going down in the direction of g. 


If by the capture of an ion the charge on the drop changes from é, to én, 
then the value of the captured charge e; is 


m. 
C= ea — ov = (v's — uw) (6) 

v’, being the velocity after the capture of the ion. 
Since for this drop a is a constant, any charge which it may capture will 


O 1 
be proportional to (v’,— v,), that is, to the change in velocity in the field F 
due to the captured ion. 
The successive values of v. and of (v’,——v,) for the drop we have been 
considering are: 


TABLE I 
Vs (w’ — v2) 
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* This assumption was subjected to very delicate experimental test and confirmed 
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“It will be seen from the last column that within the limits of error of a stop-watch 
neasurement, all the charges captured have exactly the same value save in three cases. 
n all of these three the captured charges were just twice as large as those appearing 
n the other changes. Relationships of exactly this sort have been found to hold abso- 
utely without exception, no matter in what gas the drops have been suspended or what 
ort of droplets were used upon which to catch the ions. In many cases a given drop 
vas been held under observation for five or six hours at a time and has been seen to 
‘atch not eight or ten ions, as in the above experiment, but hundreds of them. Indeed, 
[| have observed, all told, the capture of many thousands of ions in this way, and in no 
~ase have I ever found one the charge of which, when tested as above, did not have 
either exactly the value of the smallest charge ever captured or else a very small multiple 
9f that value. Here, then, is direct, unimpeachable proof that the electron is not a 
Statistical mean, but that rather the electrical charges found on ions all have either 
exactly the same value or else small exact multiples of that value, 


* 
‘Il. Proor tHat Att Static CHarces BotH on Conpucrors AND INSULATORS ARE 
Burtt Up or ELectrrons 


“The foregoing experiment leads, however, to results of much more fundamental 
importance than that mentioned in the preceding section. The charge which the droplet 
had when it first came under observation had been acquired, not by the capture of ions 
from the air, but by the ordinary frictional process involved in blowing the spray. If 
then ordinary static charges are built up of electrons, this charge should be found to be 
an exact multiple of the ionic charge which had been found from the most reliable 
measurement shown in Table I to be proportional to the velocity .00891.. This initial 
charge en on the drop is seen from equations (9) and (10) to bear the same relation to 
(v% + v2) which the ionic charge en’ —en bears to (w’—wa). Now, w= .5222/13.595 
= 03842, hence v% + wm = .03842 + .04196 = .08038. Dividing this by 9 we obtain .008931, 
which is within about one-fifth of 1 per cent of the value found in the last column of 
Table I as the smallest charge carried by an ion. Our experiment has then given us 
for the first time a means of comparing a frictional charge with the ionic charge, and 
the frictional charge has in this instance been found to contain exactly 9 electrons. A 
more exact means of making this comparison will be given presently, but suffice it to 
say here that experiments like the foregoing have now been tried on thousands of drops 
in different media, some of the drops being made of non-conductors like oil, some of 
semi-conductors like glycerin, some of excellent metallic conductors like mercury. In 
every case, without a single exception, the initial charge placed upon the drop by the 
frictional process, and all of the dozen or more charges which have resulted from the 
capture by the drop of a larger or smaller number of ions, have been found to be exact 
multiples of the smallest charge caught from the air. Some of these drops have started 
with no charge at all, and one, two, three, four, five, and six elementary charges or 
electrons have been picked up. Others have started with seven or eight units, others 
with twenty, others with fifty, others with a hundred, others with a hundred and fifty 
elementary units, and have picked up in each case a dozen or two of elementary charges 
on either side of the starting-point, so that in all drops containing every possible number 
of electrons between one and one hundred and fifty have been observed and the number 
of electrons which each drop carried has been accurately counted by the method described. 
When the number is less than fifty there is not a whit more uncertainty about this count 
than there is in counting one’s own fingers and toes. It is not found possible to deter- 
mine with certainty the number of electrons in a charge containing more than one 
hundred or two hundred of them, for the simple reason that the method of measurement 
used fails to detect the difference between 200 and 201, that is, we cannot measure v’2— v2 
with an accuracy greater than one-half of 1 per cent. But it is quite inconceivable that 
large charges such as are dealt with in commercial applications of electricity can be 
built up in an essentially different way from that in which the small charges whose 
electrons we are able to count are found to be. Furthermore, since it has been definitely 
proved that an electrical current is nothing but the motion of an electrical charge over 
or through a conductor, it is evident that the experiments under consideration furnish 
not only the most direct and convincing of evidence that all electrical charges are built 
up out of these very units which we have been dealing with as individuals in these 
experiments, but that all electrical currents consist merely in the transport of these 
electrons through the conducting bodies. 

“Tn order to show the beauty and precision with which these multiple relationships 
stand out in all experiments of this kind, a table corresponding to much more precise 
measurements than those given heretofore is here introduced (Table II). The time 
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of fall and rise shown in the first and second columns were taken with a Hipp chrono- 
scope reading to one-thousandths of a second. The third column gives the reciprocals 
of these times. These are used in place of the velocities w in the field, since distance 
of fall and rise is always the same. The fourth column gives the successive changes in 
speed due to the capture of ions. These also are expressed merely as time reciprocals. 
For reasons which will be explained in the next section, each one of these changes may 
correspond to the capture of not merely one but of several distinct ions. The numbers 
in the fifth column represent simply the small integer by which it is found that the 
numbers in the fourth column must be divided in order to obtain the numbers in the 
sixth column. These will be seen to be exactly alike within the limits of error of the 
experiment. The mean value at the bottom of the sixth column represents, then, the 
smallest charge ever caught from the air, that is, it is the elementary ionic charge. The 
seventh column gives the successive values of w+ v2 expressed as reciprocal times. 
These numbers, then, represent the successive values of the total charge carried by the 
droplet. The eighth column gives the integers by which the numbers in the seventh 
column must be divided to obtain the numbers in the last column. These also will be 
seen to be invariable. The mean at the bottom of the last column represents, then, the 
electrical unit out of which the frictional charge on the droplet was built up, and tt 1s 


seen to be identical with the ionic charge represented by the number at the bottom of 
the sixth column. 


TABLE III 
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“It may be of interest to introduce one further table (Table III) arranged in a 
slightly different way to show how infallibly the atomic structure of electricity follows 
from experiments like those under consideration. 

“In this table 4.917 is merely a number obtained precisely as above from the change 
in speed due to the capture of ions and one which is proportional in this experiment 
to the ionic charge. The column headed 4.917 X contains simply the whole series of 
exact multiples of this number from 1 to 18. The column headed ‘Observed Charge’ 
gives the successive observed values of (w+ va). It will be seen that during the time 
of observation, about four hours, this drop carried all possible multiples of the elementary 
charge from 4 to 18, save only 15. No more exact or more consistent multiple relation- 
ship is found in the data which chemists have amassed on the combining powers of the 
aents and on which the atomic theory of matter rests than is found in the foregoing 
numbers. 

“Such tables as these—and scores of them could be given—place beyond all question 
the view that an electrical charge wherever it is found, whether on an insulator or a 
conductor, whether in electrolytes or in metals, has a definite granular structure, that 
it consists of an exact number of specks of electricity (electrons) all exactly alike, 
which in static phenomena are scattered over the surface of the charged body and in 
current phenomena are drifting along the conductor. Instead of giving up, as Maxwell 
thought we should some day do, the ‘provisional hypothesis of molecular charges,’ we 
find ourselves obliged to make all our interpretations of electrical phenomena, metallic 
as well as electrolytic, in terms of it.” 


Tue Exact EVALUATION OF @ 


Stokes’ equation ought to begin to fail as soon as the inhomogeneities of the 
medium (1.e., the distances between the molecules) become comparable with 
the dimensions of the drop, for the drop then can begin to fall freely through 
the holes of the medium, and thus increase its speed. This means that the 
observed speed of fall would be more and more in excess of that given by 
Stokes’ formula, the smaller the drop became. 

It was found ® that the following corrected form of Stokes’ equation was 
necessary : 


n=5 (o—p)(1+44) (7) 


where J is the mean free path of the air molecules, but e, A, and a are all 
unknown. 

Hence if e is the true value of the electron and ¢,, as before, the observed 
value, based on Stokes’ formula, we have 


sal) (8) 


“As a matter of fact the whole correction term, Az is a small one, so that it is never 


necessary to make more than two approximations to obtain a with much more precision 
than is needed for the exact evaluation of e. 

“Ags soon as e was fairly accurately known it became possible, as indicated above, to 
make a direct weighing of extraordinarily minute bodies with great certainty and with a 
very high degree of precision. For we have already shown experimentally that the 
equation 
' y= mg 

v2, Fen—mg (9) 


is a correct one and it involves no assumption whatever as to the shape, or size, or 
material of the particle. If we solve this equation for the weight mg of the particle 
we get 

UU 
U1 + U2 


mg = Fen (10) 
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In this equation en is known with the same precision as e, for we have learned how to 
count 2. It will presently be shown that e is probably now known with an accuracy of 
one part in a thousand, hence mg can now be determined with the same accuracy for 
any body which can be charged up with a counted number of electrons and then pulled 
up against gravity by a known electrical field, or, if preferred, simply balanced against 
gravity after the manner used in the water-drop experiment and also in part of the 
oil-drop work.* This device is simply an electrical balance in place of a mechanical 
one, and it will weigh accurately and easily to one ten-billionth of a milligram. 

“Fifty years ago it was considered the triumph of the instrument-maker’s art that a 
balance had been made so sensitive that one could weigh a piece of paper, then write 
his name with a hard pencil on the paper and determine the difference between the new 
weight and the old—that is, the weight of the name. This meant determining a weight 
as small as one-tenth or possibly one-hundredth of a milligram (a milligram is about 
1/30,000 of an ounce). Some five years ago Ramsay and Spencer, in London, by con- 
structing a balance entirely out of very fine quartz fibers and placing it in a, vacuum, 
succeeded in weighing objects as small as one-millionth of a milligram, that is, they 
pushed the limit of the weighable down about ten thousand times. The work which we 
are now considering pushed it down at least ten thousand times farther and made it 
possible to weigh accurately bodies so small as not to be visible at all to the naked eye. 
For it is only necessary to float such a body in the air, render it visible by reflected 
light in an wltramicroscope arrangement of the sort we were using, charge it elec- 
trically by the capture of ions, count the number of electrons in its charge by the method 
described, and then vary the potential applied to the plates or the charge on the body 
until its weight is just balanced by the upward pull of the field. The weight of the body 
is then exactly equal to the product of the known charge by the strength of the electric 
field. We made all of our weighings of our drops and the determination of their radii 
in this way as soon as we had located e with a sufficient degree of precision to warrant 
ve ee even eee is very ch aes) known it is possible to use such a balance 

or a fairly accurate evaluation of the radius of a spherical drop. F 
m in (18) by 4/3ma*(o—@) and solve for a we ee ’ oF WES OM HeLa 


o=¥ 3Fen U1 
4ng(o—o0) w+ wm (1) 


The substitution in this equation of an approximately correct value of e yields a with 
an error but one-third as great as that contained in the assumed value of e, for a is 
seen from this equation to vary as the cube root of e, This is the method which in vie 

of the accurate evaluation of e, it is now desirable to use for the determination of the 
weight or dimensions of any minute body, for the method is quite independent of the 
parang of ne body or of the medium in which it is immersed. Indeed, it core te 
sss and certain a weighing of the body as though it were weighed on a mechanical 
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Equation 8 may be written in the form 


l 
*/s — 2/3 
e (1442) =e (12) 


Now in our corrected form of Stokes’ e i 
‘ s quation (see Eq. 7 - 
ting the observed values of e, as ordinates and the cbrresuotte ean 


l : 
4s abscisse, we should get a straight line. That the corrected equation is 


adequate, is evidenced by the results of < : ; 
of 58 droplets. y the results of a study (covering 60 consecutive days) 


The variation of q was done experimentally in two ways: (1) by holding 


* See Phil. Mag., 19, 216 (1910); 21, 757 ( 
, , ; ' 1911). 
f Phys. Rev., 2, 117 (1913). Thi a 3 
a Berlin in June, 1912. ) us paper was read before the Deutsche physikalische Gesellschaft 
First presented before the Deutsche Physikali : 
the British Association at Dundee, in Seprembe ice Sac lschett Jane, 1912; and later before 
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the pressure constant and choosing progressively smaller droplets; (2) by 
varying the pressure, to which the mean free path / is evidently inversely 
proportional. Both methods checked. They covered a thirty-fold variation in 


l 
a a seventeen-fold variation in the pressure p, and a variation in the number 


of electrons carried per drop from 1 to 136. 


to exhaust 
and 

compres- 

sion pump 


“The experimental arrangements are shown in Fig. 1. The brass vessel D was built 
for work at all pressures up to 15 atmospheres, but since the present observations have to 
do only with pressures from 76 cm. down, these were measured with a very carefully 
made mercury manometer m, which at atmospheric pressure gave precisely the same 
reading as a standard barometer. Complete stagnancy of the air between the condenser 
plates M and N was attained, first, by absorbing all of the heat rays from the arc a by 
means of a water cell w, 80 cm. long, and a cupric chloride cell d, and, secondly, by 
immersing the whole vessel D' in a constant temperature bath G of gas-engine oil (40 
liters), which permitted, in general, fluctuations of not more than .02° C. during an 
observation. This constant-temperature bath was found essential if such consistency of 
measurement as is shown here was to be obtained. A long search for causes of slight 
irregularity revealed nothing so important as this, and after the bath was installed all 
of the irregularities vanished. The atomizer A was blown by means of a puff of care- 
fully dried and dust-free air introduced through cock e. The air about the drop p was: 
ionized when desired, or electrons discharged directly from the drop, by means of Rontgen 
rays from X, which readily passed through the glass window g. To the three windows 
g (two only are shown) in the brass vessel D correspond, of course, three windows in 
the ebonite strip c, which encircles the condenser plates M and N. Through the third 
of these windows, set at an angle of about 28° from the line Xpa and in the same hori- 
zontal plane, the oil drop is observed through a short-focus telescope having a scale in 
the eyepiece to make possible the exact measurement of the speeds of the droplet-star. 
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Ink? J 
“In plotting the actual observations I have used the see pan the Pier > in 
place of J, for the reason that / is a theoretical quantity which is necessarily propor- 


tional tor, while p is the quantity actually measured. This amounts to writing the cor- 


ii Ss : u 
rection-term to Stokes’s Law in the form ( ie) instead of in the form 1+ 4 B and 


considering b the undetermined constant which is to be evaluated, as was A before, by 
dividing the slope of our line by its y-intercept.” 


Using a revised figure for the coefficient of the viscosity of air 
1 = 0.0001824 instead of 0.0001825, we find e = 4.774 X 10°2° electrostatic 


units. 


“T have already indicated that as soon as ¢ is known it becomes possible to find with 
the same precision which has been attained in its determination the exact number of 
molecules in a given weight of any substance, the absolute weight of any atom or mole- 
cule, the average kinetic energy of agitation of an atom or molecule at any temperature, 
and a considerable number of other important molecular and radioactive constants. In 
addition, it has recently been found that practically all of the important radiation con- 
stants like the wave-lengths of X-rays, Planck’s h, the Stefan-Boltzmann constant o, the 
Wien constant cs, etc. depend for their most reliable evaluation upon the value of e. 
In a word, e is increasingly coming to be regarded, not only as the most fundamental 
of physical or chemical constants, but also the one of most supreme importance for the 
solution of the numerical problems of modern physics. It seemed worth while, there- 
fore, to drive the method herewith developed for its determination to the limit of its 
possible precision.” 


After two years’ work a still more accurate and delicate train of apparatus 
was developed, and with it in 1916 the value of e and N were fixed as follows: 


e = 4.774 + .005 & 107° electrostatic units 
Nre= OW? ae Ws << Oe 


“Perhaps these numbers have little significance to the general reader who is familiar 
with no electrical units save those in which his monthly light bills are rendered. If these 
latter seem excessive, it may be cheering to reflect that the number of electrons con- 
tained in the quantity of electricity which courses every second through a common 
sixteen-candle-power electric-lamp filament, and for which we pay 1/100,000 of 1 cent, 
is so large that if all the two and one-half million inhabitants of Chicago were to begin 
to count out these electrons and were to keep on counting them out each at the rate 
of two a second, and if no one of them were ever to stop to eat, sleep, or die, it would 
take them just twenty thousand years to finish the task.” 


BROWNIAN MovEMENTS IN GASES 


In 1827 the English botanist, Robert Brown,® first drew attention to the 
irregular wriggling motions exhibited by minute particles whose size ap- 
proached the limits of resolvability in a high-power microscope. These 
Brownian motions, as they came to be called, strongly suggested “life”; but 
Brown showed that they also occurred with inanimate matter—pollen grains,* 
clay particles, etc. 

Although many studied the phenomenon, it was not till half a century later 

.that the Belgian Carbonelle first suggested that the cause of the Brownian 
motion was the continuous bombardment to which the particles were subjected 
by the molecules of the surrounding medium due to thermal agitation. 


* The Brownian motion is not of the relatively large pollen i i 
Yeager iare NCMRCE bad y ge p grains themselves, but of tiny 
{ Carbonelle’s work was first published by his collaborator Thirion (Rev. de i i 
oe AS . tions sctien- 

tihiques, Louvrain, 7, 51 (1880); but three years before, Delsaulx, ibid.. 2. 31 115. is i 
this view had given due credit for priority to Carbonelle, 4 ees BASED) Si oe Pare 


MEASURING THE ELECTRON 187. 


In 1881 Bordoszewski'° saw in the Brownian motion of smoke particles 
in air “an approximate image of the movements of the gas molecules as postu- 
lated by the Kinetic theory of gases.” During the next two decades, Gouy,’ 
among others, urged the same interpretation, but an experimental test became 
possible only in 1905, through the brilliant theoretical work of Albert Ein- 
stein,’? then at Bern, Switzerland. 


“Starting merely with the assumption that the mean kinetic energy of agitation of 
a particle suspended in a fluid medium must be the same as the mean kinetic energy 
of agitation of a gas molecule at the same temperature, Einstein developed by unim- 
peachable analysis an expression for the mean distance through which such a particle 
should drift in a given time through a given medium because of this motion of agitation. 
This distance could be directly observed and compared with the theoretical value. Thus, 
suppose one of the wiggling particles is observed in a microscope and its position noted 
on a scale in the eyepiece at a particular instant, then noted again at the end of t (for 
example, 10) seconds, and the displacement Ax in that time along one particular axis 
recorded. Suppose a large number of such displacements Ay in intervals all of length t 
are observed, each one of them squared, and the mean of these squares taken and denoted 


by Ax*: Einstein showed that the theoretical value of Ax* should be 
= _ 2RT 


in which FR is the universal gas constant per gram molecule, namely, 831.5 X 10° hes 


T the temperature on the absolute scale, N the number of molecules in one gram mole- 
cule, and K a resistance factor depending upon the viscosity of the medium and the 
size of the drop, and representing the ratio between the force applied to the particle in 
any way and the velocity produced by that force. If Stokes’ Law, namely, F = 6xnav, 


held for the motion of the particle through the medium, then K = = would have the 


value Ona, so that Einstein’s formula would become 
A? = —— Tt (14) 


This was the form which Einstein originally gave to his equation, a very simple deriva- 
tion of which has been given by Langevin.* 


Perrin ** made the first careful test of this equation on suspensions in 
liquids, and obtained for N a mean value of 68.2 102. Since his measure- 
ments vary as much as 30 per cent, and there are uncertainties in measuring 


both K and Ax?, these results may be considered as proving the correctness of 
Einstein’s equation within the limits of the experimental error. 

Although Bodoszewski (1881) had fully described and correctly interpreted 
Brownian movements in gases, no quantitative work on them appeared until 
no09.* 

Le duc de Broglie ** now made an important advance. In March, 1908, he 
drew metallic dust (formed by striking an arc or sparking between metallic 
electrodes) + into a glass box and observing them through a microscope whose 
optical axis was set at right angles to the illuminating beam of light. ‘This, 
essentially, was an ultramicroscope. 

He passed the particles between two parallel vertical metallic plates, and 
observed on applying a potential difference to the plates, that some particles 

* Von Smoluchowski in 1906 (Ann. der Phys., IV, 21, 756) had computed the mean displacements 
in air for particles with a radius of a = 1074 cm., and in 1907 Ehrenhaft (Wiener Berichte, II, 116, 
1175) had recorded displacements of the calculated order, without however measuring the sizes of 


the particles he used, so that the resistance factor K could not be computed and quantitative results 


obtained. 4 ; 

+ Hemsalech and de Watteville (Compt. rend., 144, 1338 (1907)) had discovered this phe- 
nomenon; it recalls Bredig’s method of obtaining colloidal dispersions by use of a metallic arc 
immersed in water, and Svedberg’s later improvements. 
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moved to one plate, some to the other, while some were unaffected ; i.¢., there — 

were positively and negatively charged particles. ; { 

In May, 1909,’° he continued this work by studying the charges on minute — 

droplets of water condensed on tobacco smoke.* He first observed the rate 

at which they moved in his horizontal electric field, the equation expressing — 

their motion being 
Pe == hy (15) 


He next measured Ax? for many particles and by introducing this into Ein- 
stein’s equation 


~— 2RT 
NG Whee (16) 


he was able to eliminate K and obtain e in terms of NV. 

Using Perrin’s value of N, de Broglie obtained from one series of meas- 
urements ¢—4.5 X 10°; another series on larger particles gave a mean 
value several times larger, which he interpreted as indicative of multiple 
charges on these particles. 

-Though these results give merely mean values for many drops not neces- 
sarily alike in radius or in charge, yet they may be considered to be the first 
experimental evidence that Einstein’s equation holds approximately, for gases ; 
and they are further significant because there has been no assumption as to 
the size or charge of the particles, or as to the validity of Stokes’ law in gases, 
for the resistance factor K has been eliminated. 


The development of the oil-drop method made it possible to subject the Brownian- 
movement theory to a more accurate and convincing experimental test than had here- 
tofore been attainable, and that for the following reasons: 

1. It made it possible to hold, with the aid of the vertical electrical field, one par- 
ticular particle under observation for hours at a time and to measure as many displace- 
ments as desired on it alone instead of assuming the identity of a great number of 
particles, as had been done in the case of suspensions in liquids and in De Broglie’s 
experiments in gases. 

2. Liquids are very much less suited than are gases to convincing tests of any kinetic 
hypothesis, for the reason that prior to Brownian-movement work we had no satis- 
factory kinetic theory of liquids at all. 

3. The absolute amounts of the displacements of a given particle in air are 8 times 
greater and in hydrogen 15 times greater than in water. 

4. By reducing the pressure to low values the displacements can easily be made from 
50 to 200 times greater in gases than in liquids. 

; The measurements can be made independently of the most troublesome and uncer- 
tain factor involved in Brownian-movement work in liquids, namely, the factor K, which 
contains the radius of the particle and the law governing its motion through the liquid 

Accordingly, there was begun in the Ryerson Laboratory, in 1910, a series of very 
careful experiments in Brownian movements in gases. Svedberg, in reviewing this 
subject in 1913, considers this “the only exact investigation of quantitative Brownian 
movements in gases.” A brief summary of the method and results was published by 
the author. A full account was published by Mr. Harvey Fletcher in May, 1911, and 
further work on the variation of Brownian movements with pressure was presented by 


the author the year following. The essential contributi i 
g. on of this work 
consisted in the two following particulars: aS TSAI, ea 


1. By combining the characteristic and fully tested equation of the oil-drop method 

namely, : 
_ mg K 

C= Fy at ao = (ut w)o (17) 


Zsigmondy had already made an ultr > oO smoke 
amicroscopic examination of tobacc k 

Erkenntnis der Kolloide, 1904; or English nslation b . Alexander 
§ tra iy: J > 


rb , See “Z 
Colloids and the Ultra. 
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with the Einstein Brownian-movement equation, namely, 
Av? = + (18) 


it was possible to obtain the product Ne without any reference to the size of the particle 
or the resistance of the medium to its motion. This quantity could then be compared 
with the same product obtained with great precision from electrolysis. The experi- 
mental procedure consists in balancing a given droplet and measuring, as in any Brownian- 


movement work, the quantity Az, then unbalancing it and measuring F, w and (wit+v2)0; 
the combination of (17) and (18) then gives 
eee IRA. Gay + U2) 0 
Danner a Ne 
Since it is awkward to square each displacement Ax before averaging, it is preferable 


to modify by substituting from the Maxwell distribution law, which holds for Brownian 
displacements as well as for molecular velocities, the relation 


(19) 


we y. Ae. 
mu 
We obtain thus 2 
we y: RT (+ v%)o | (20) 


F(Ne) 
or : 
at. 4 RT(w ae V2) oT 


N = 
‘ x  F(Ax)? 


(21) 


The possibility of thus eliminating the size of the particle and with it the resistance 
of the medium to its motion can be seen at once from the simple consideration that so 
long as we are dealing with one and the same particle the ratio K between the force 
acting and the velocity produced by it must be the same, whether the acting force is 
due to gravity or an electrical field, as in the oil-drop experiments, or to molecular 
impacts as in Brownian-movement work. De Broglie might have made such an elimina- 
tion and calculation of Ne in his work, had his Brownian displacements and mobilities 
in electric fields been made on one and the same particle, but when the two sets of 
measurements are made on different particles, such elimination would involve the very 
uncertain assumption of identity of the particles in both charge and size. Although 
De Broglie did actually make this assumption, he did not treat his data in the manner 
indicated, and the first publication of this method of measuring Ne as well as the first 
actual determination was made in the papers mentioned above. 

Some time later E. Weiss reported similar work to the Vienna Academy.* 

2. Although it is possible to make the test of Ne in just the method described and 
although it was so made in the case of one or two drops, Mr. Fletcher worked out a 
more convenient method, which involves expressing the displacements Av in terms of 
he fluctuations in the time required by the particle to fall a given distance and thus 
jispenses with the necessity of balancing the drop at all. I shall present another deriva- 
ion which is very simple and yet of unquestionable validity. 

In equation (21) let t be the time required by the particle, if there were no Brownian 
novements, to fall between a series of equally spaced cross-hairs whose distance apart is 
1. In view of such movements the particle will have moved up or down a distance Ar 
n the time t. Let us suppose this distance to be up. Then the actual time of fall will 
ye t+ At, in which At is now the time it takes the particle to fall the distance Ar. If 
iow At is small in comparison with t, that is, if Ax is small in comparison with d (say 
/10 or less), then we shall introduce a negligible error (of the order 1/100 at the most) 
f we assume that Av = wAt in which 1% is the mean velocity under gravity. Replacing 
hen in (21) (Ax)? by vi? (At)?, in which (At)? is the square of the average difference 
etween an observed time of fall and the mean time of fall tg, that is, the square of the 


*It was read before the Academy on July 6; Wiener Berichte, 120 (1911), II, 1021, but 
ppeared first in print in the August 1st number of the Phys, Zeitschr. (1911), p. 63. Fletcher's 
rticle is found in brief in an earlier number of the same volume of the Phys, Zeitschr., p. 2038, and 
as printed in full in the July number of Le Radium, 8 (1911), 279. 
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average fluctuation in the time of fall through the distance d, we obtain after replacing 
the ideal time t by the mean time tg’ 


os 4RT(u + v2)otg (22) 
A Fu?(At)? 


> 
: 
: 


4 


In any actual work At will be kept considerably less than 1/10 the mean time tg if ; 


the irregularities due to the observer’s errors are not to mask the irregularities due to 


the Brownian movements, so that (22) is sufficient for practically all working con-— 


ditions.* 

The work of Mr. Fletcher and of the author was done by both of the methods 
represented in equations (21) and (22). The 9 drops reported upon in Mr. Fletcher’s 
paper in 1911 yielded the results shown below in which n is the number of displace- 


ments used in each case in determining Ay or At. 


TABLE IV 
W/Ne X 107 n 
1.68 125 
1.67 136 
1.645 321 
1.695 202 
1.73 171 
1.65 200 
1.66 84 
1.785 411 
1.65 85 


When weights are assigned proportional to the number of observations taken, as 


shown in the last column of Table IV there results for the weighted mean value 


which represents an average of 1,735 displacements, / Ne = 1.698 X 10" or Ne= 
2.88 X 10% electrostatic units, as against 2.896 X 10%, the value found im electrolysis. 
The agreement between theory and experiment is then in this case about as good as 
one-half of 1 per cent, which is well within the limits of observational error. 

This work seemed to demonstrate, with considerably greater precision than had been 
attained in earlier Brownian-movement work and with a minimum of assumptions, the 
correctness of the Einstein equation, which is in essence merely the assumption that a 
particle in a gas, no matter how big or how little it is or out of what it is made, is 
moving about with a mean translatory kinetic energy which is a universal constant 
dependent only on temperature. To show how well this ‘conclusion has been established 
I shall refer briefly to a few later researches. 

In 1914 Dr. Fletcher, assuming the value of K which I had published for oil drops 
moving through air, made new and improved Brownian-movement measurements in this 
medium and solved for N the original Einstein equation, which, when modified precisely 


as above by replacing Ax* by © (Be)? and (Ax)? = v,2(At)? becomes 


ity Ase tg ae 

xm Ku? (At)? 

He took, all told, as many as 18,837 A?’s, not less than 5,900 on a single drop, and obtained 
N = 00.3 X 10*°+ 1.2. This cannot be regarded as an altogether independent determina- 
tion of N, since it involves my value of K. Agreeing, however, as well as it does with 
my value of N, it does show with much conclusiveness that both Einstein’s equation and 
my corrected form of Stokes’s equation apply accurately to the motion of oil drops of 
A ae here used, namely, those of radius from 2.79 X 10 cm. to 4.1 X 10° cm. (280- 

Up). 

In 1915 Mr. Carl Eyring tested by equation (22) the value of Ne on oil drops, of 
about the same size, in hydrogen and came out within .6 per cent of the value found 
in electrolysis, the probable error being, however, some 2 per cent. 

Precisely similar tests on substances other than oils were made by Dr. E. Weiss and 


(23) 


s No error is eee here if, as assumed, ‘At is small in comparison with t,. However, for 
more rigorous eq Mletche i t 
ae Heise ous ions see Fletcher, Phys. Rev., IV (1914), 442; also Smoluchowski, Phys. Zeitschr., 
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Dr. Karl Przibram. The former worked with silver particles only half as large as the 
oil particles mentioned above, namely, of radii between 1 and 2.3 X 10° cm. and obtained 
Ne = 10.700 electromagnetic units instead of 9,650, as in electrolysis. This is indeed 
11 per cent too high, but the limits of error in Weiss’s experiments were in his judgment 
quite as large as this. K. Przibram worked on suspensions in air of five or six different 
substances, the radii varying from 200 uy to 600 up,and though his results varied among 
themselves by as much as 100 per cent, his mean value came within 6 per cent of 9,650. 
Both of the last two observers took too few displacements on a given drop to obtain a 
reliable mean displacement, but they used so many drops that their mean Ne still has 
some significance. 

It would seem, therefore, that the validity of Einstein’s Brownian-movement equation 
had been pretty thoroughly established in gases. In liquids too it has recently been 
subjected to much more precise test than had formerly been attained. Nordlund, in 1914, 
using minute mercury particles in water and assuming Stokes’s Law of.fall and Ein- 
stein’s equations, obtained N = 59.1 X 10”. While in 1915 Westgren at Stockholm by 
a very large number of measurements on colloidal gold, silver, and selenium particles, of 
diameter from 65 ww to 130 uy (6.5 to 13 X 10% cm.), obtained a result which he thinks 
is correct to one-half of 1 per cent, this value is N = 60.5 X 10” .3 X 10”, which agrees 
perfectly with the value which I obtained from the measurements on the isolation and 
measurement of the electron. 

It has been because of such agreements as the foregoing that the last trace of oppo- 
ae to the kinetic and atomic hypotheses of matter has disappeared from the scientific 
world. 


Wilhelm Ostwald, a distinguished representative of a group who had, 
until quite recently, withheld their allegiance to these theories, was led to say 
in the preface of a new edition of his Outlines of Chemistry: 


“T am now convinced that we have recently become possessed of experimental evidence 
of the discrete or grained nature of matter for which the atomic hypothesis sought in 
vain for hundreds and thousands of years. The isolation and counting of gaseous ions 
on the one hand... and on the other the agreement of the Brownian movements with 
the requirements of the kinetic hypothesis . . . justify the most cautious scientist in 
now speaking of the experimental proof of the atomic theory of matter. The atomic 
hypothesis is thus raised to the position of a scientifically well-founded theory.” 


BIBLIOGRAPHY 


Sctentific Trans. Roy. Dublin Sioc. (11th series), 4, 5638 (1891). 
Proc., 9, 244 (1907). 
Phil. Mag., 5th series, 29, 56 (1890). 
Ibid., 292, Nature, 36, 412. 
Phil. Mag., 46, 528 (1898). 
Phil. Mag., 6th series, 5, 429 (1903). 
. Phil. Mag., 19, 209 (1910). A report of this work had been placed on the program of the 
British Association meeting at Winnipeg in August, 1909, as an additional paper, and an abstract 
was published in the Physical Review for December, 1909. 
8. ‘The Electron,” pp. 93-99. 
8 0) Phil. Mag., 4, 101 (1826); 6, 161 (1829); Edin. New Phil. Jour., 5, 358 (1828); 8, 41 
30). 
10. Dingler’s polyt. J., 189, 235 (1881). 
11. J. de Phys., 7, 561 (1888); Compt. rend., 109, 102 (1889). 
12. An. der Phys. (4), 17, 549 (1905); 19, 871 (1906); 22, 569 (1907). 
13. Compt. rend., 146, 530 (1908). An abstract of Langevin’s derivation is given in Appendix 
C of ‘The Electron.” i 
14. Compt. rend., 147, 475, 580, 594 (1908); 152, 1380, 1569 (1911); see also Perrin, 
“Brownian Movements and Molecular Reality,” English translation by Soddy, 1912. 
15. Compt. rend., 146, 624 (1908). 
16. Compt. rend., 148, 1816 (1909). 


TIO OTP 99 10 ps 


Prof. Millikan’s work, done with erosols, shows that in them the colloidal particles 
may acquire charges by taking and holding varying numbers of electrons. This raises 
the question whether an analogous series of phenomena may not exist in other colloidal 


dispersions. J. A 


Surface Energy And Surface Tension 


By Pror. WiLt1AM D, Harkins, 
University of Chicago 


1. INTRODUCTION. IMPORTANCE OF SURFACES AND SURFACE ENERGY 


The importance of surface energy is best exhibited by highly disperse or 
colloidal systems. Such systems may indeed be defined in terms of surface 
energy. Thus a colloid is distinguished by the fact that the surface or inter- 
facial energy has a value which is an appreciable fraction of the molecular 
energy of the dispersed phase. For example, if one cubic centimeter of water 
is sprayed into spherical droplets 0.01 4 (10°° cm.) in diameter, the superficial 
area of the droplets is six million square centimeters. The free surface energy 
for this area at 20° would be two hundred eighteen million ergs or 10.5 calories 
provided the surface energy per unit area were the same as for a plane surface, 
while the total surface energy would be 16.6 calories or one third as much as 
the kinetic energy of vibration * of the molecules of water. 

The importance of interfaces arises also from their abundance, due to the 
fact that most solids, including cast iron, steel, stone, etc., consist of small 
crystals, each of which has a surface. These exist around every minute cell 
in the plant or animal body, and also around the nucleus or nuclei of each 
cell, around the fibrils, nucleoli, chromosomes, and on both sides of each mem- 
brane. The examination under the microscope or ultramicroscope proves, too, 
that so-called homogeneous fluid systems, such as air, water, etc., actually 
contain an enormous number of minute surfaces. 

Surfaces are prominent also in that they form the outside of every phase 
or particle. Thus if a thermometer is used to test the temperature of a liquid, 
its bulb must first be put through the surface. In vaporization every molecule 
must jump out from the surface, and the condensation of a vapor occurs upon 
a surface. If two particles unite, a part of their surface disappears, while if 
a particle divides, a new surface appears. Thus it is evident that surface 
energy is the most fundamental property which distinguishes colloids from 
other systems. 


2. Tur PHENOMENON OF SURFACE TENSION 


It is commonly observed that water drops on a hot stove or very dry dust 
assume a spherical shape, which is the form assumed by a balloon surrounded 
by a uniform elastic membrane. This suggests that every liquid is surrounded 
by an elastic film, the tension of which causes the surface to contract to the 
smallest possible area for the volume of the liquid, provided other forces (such 
as gravitation) do not act to change the form. 


* This energy of vibration is calculated for water in the gaseous state with a molecular formula 
H.O. It is usually supposed that water is an_associated liquid, so the molecular kinetic energy in 
the liquid would be less than for the vapor. For spherical particles of one micron in diameter the 
total surface energy is a little more than 0.3 per cent of that of molecular vibration. 
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If a faucet with a narrow orifice is turned on very slightly, a drop may be 
seen to form, and hang for some time, after which it drops very suddenly. 
The drop is supported before it falls by the vertical component of the surface 
tension. If a capillary tube is. dipped into water, the liquid inside the tube 
rises higher than that outside. Here, also, the film of liquid on the inside wall 
of the tube exerts an upward pull. If a camel’s hair brush is dipped into 
water, the hairs remain spread apart as if they were dry and in the air, but 
when the wet brush is pulled out of the water, the pull of the surface tension 
of the water binds all of the hairs compactly together. 

A soap film stretched on a wire frame such as that shown in Figure 1 has 
two surfaces. If the distance CD is one half a centimeter, then this lower 
wire is in contact with one half centimeter. of the film or one centimeter of 
surface. The pull on the film as measured by the weight of the wire and the 
weights suspended from it at W gives the surface tension of the surface per 


Cc Fi 
Fic. 1—The Maxwell Frame. If the distance AB is one-half centimeter, the force W 
gives the surface tension of the soap film stretched on the frame. 


unit length. This may be expressed in dynes. If the wire is pulled downward 
one centimeter, then the surface increase in area by one square centimeter, 
so the work done is force X areaa=y XK l=vyergs. This energy may again 
appear as work when the film contracts to its original position, so it possesses 
the characteristics of free energy. Thus 72.8 dynes per centimeter is the 
surface tension of water at 20°, and 72.8 ergs per square centimeter is the free 
surface energy of water at this temperature. 


3. TENSILE STRENGTH AND TENSILE ENERGY 


There are a number of phenomena which indicate that the forces between 
adjacent molecules in solids and liquids are very high. Tensile strength tests 
on bars of steel show that it is necessary to apply a force * of 100,000 


*The energy used is unknown, since the distance through the force (F) acts is not known, 
and the energy (E£) applied is given by the equation 


(St pai 319 


SP atk (1) 


in which st indicaces the mean initial, distance between the molecules which are to be separated, and sf 
is a distance so large that its further increase does not increase the energy appreciably. In addition 
to this an unknown amount of energy is used in deforming the bar before the break occurs, 
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pounds to rupture a bar one square inch in cross section. If it were possible 
to carry out a tensile strength test in an ideal way such that the bar (Obes 
square centimeter cross section) would not be deformed before the break 
occurs, and so that the rupture would give two plane surfaces at right angles 
to the longitudinal axis of the bar, then the energy applied would be equal to 
twice the free surface energy (2y) per square centimeter at the temperature 
of the test. This is true because all that occurs in such an ideal rupture ts 
the formation of a new surface on the steel of 2 square centimeters area. 
This is equal numerically to twice the surface tension of steel per centi- 
meter. The work necessary to thus pull apart a bar of unit cross section may 
be designated as the work of cohesion (W,). Thus in the ideal case 


We=2y (2) 


If an endeavor is made to apply such a tensile strength test to a bar of 
liquid, it is found that certain experimental difficulties arise. Nevertheless, 
the numerical value of the work of cohesion is known with considerable 
accuracy in such a case, since it may be obtained from the surface tension 
of the liquid. The surface tension of water at 20° is 72.80 dynes centimeter, 
so its work of cohesion is 145.60 ergs per square centimeter. This small value 
may seem to indicate a small tensile strength (force of cohesion) in water, 
but just the opposite is true since the distance to which molecular attraction 
remains appreciable is very small, and is only of the order of molecular dimen- 
sions. Furthermore, it decreases as a moderately high power of the distance. 
Suppose that the summation of this rapidly decreasing force is equivalent to 
the action of a constant force through 10°? cm. Then the force of cohesion 
would be 

145.6 7 is = : 

To= of 1.456 X 10'° dynes = 1.48 X 10" grams persquare centimeter 
or about fourteen thousand atmospheres. The theory of van der Waals indi- 
cates a value of about 11,000 atmospheres, while other methods of calculation 
usually give between ten and fifteen thousand. 

The difficulty in applying a tensile strength test to a bar of water arises 
from the fact that it is difficult to get hold of the ends, and even more to the 
fact that the break does not occur over the whole cross section of the bar at 
any instant. This is due, at least in part, to the presence of dissolved air and 
even more to minute bubbles of gas. That the tensile strength is of a consider- 
able magnitude is shown by two types of experiments as described below. 

If a plate of gypsum (CaSO,.2H,20O) is sealed to one end of a long glass 
tube, the tube filled with air-free water and set upright with the open end in 
a trough of mercury and with the plate of gypsum at the top, it is found that 
water will evaporate through the gypsum, and the mercury will rise to four 
or five times the barometric height. This demonstrates that the cohesion in 
both the water and the mercury and also the adhesion between the two liquids 
is greater than five atmospheres. 

In the second type of experiment a glass tube is sealed at the bottom and 
a moderately long open capillary tube is sealed on at the top. If the tube 
with its capillary are now entirely filled with air free water, the capillary may 
be sealed off below the surface of the water in the capillary. Thus the tube 
is left sealed and filled completely with water. Berthelot showed that if it is 
done with sufficient care the tube and its contents may be raised considerably 
without the water pulling away from the glass. Since the coefficient of ex- 
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pansion of water is considerably higher than that of glass, the water would 
be pulled away from the glass if it were not held by the effect of adhesion. 
Also the liquid itself would be pulled apart if it were not for the force of 
cohesion. Calculation showed that the pull of the glass upon the water 
amounted in some experiments to about 200 atmospheres. 


4. FREE AND ToTAL SuRFACE ENERGY 


The surface tension, and therefore the free surface energy, of a liquid 
decreases as the temperature rises, and very nearly as a linear function of the 
temperature. Thus the equation 


y=A-+kT- 


which is that of a straight line, holds well over a moderate range of tempera- 


Free Surface Enerp 


70 
oO /0 20 30 #0 JO. 60 


Fre. 2——The surface tension of eleven pure liquids. 


ture (Fig. 2). A more exact equation for non-associated liquids is that ot 
Ferguson °° which has been shown by Sugden to hold remarkably well. 


in which T, is the critical temperature. The decrease in the surface tension 
of a liquid per degree of temperature is equal numerically to the entropy of the . 
surface per unit area, and for unassociated organic liquids has a value a: about 
0.12 dyne per cm. 

According to the rule of Le Chatelier, if the state of a system is changed, 
the system alters in such a way as to oppose a resistance to that change. Thus 
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if the solubility of a salt increases with the temperature, the last amount of 
salt which dissolves to saturate the solution produces a cooling, since this 
cooling lowers the solubility, and thus opposes the solution of the salt. Now, 
since the surface tension decreases with the temperature, a surface must cool 
if it is expanded, since by cooling the surface tension is increased, and this 
opposes an extra resistance to the further extension. 

That heat is used up in the formation of a surface is to be expected on 
other grounds. In the vaporization of a liquid the kinetic energy of molecular 
vibration of the molecules of the liquid, which determines the temperature, is 
partly converted into molecular potential energy. That is, the molecular energy 
of motion is utilized in the separation of each molecule from its neighbors 
and against the attraction which they exert. Now since a molecule which is 
in the interior of a liquid must move into the surface against the attraction 
of the surrounding molecules, as a part of its migration into the vapor phase, 
it seems probable that in surface formation as well as in vaporization, molec- 
ular kinetic energy would be utilized and transformed into potential energy 
of the surface. That heat is actually used in the formation of the surface is 
shown by the thermodynamic equation of Clapeyron; which gives the latent 
heat (1) of the surface as 


Oy 
Ba Dias (4) 


The total energy (wu) of a surface is equal to the sum of the free energy (y) 
and the latent heat: 


7) 
w=ytl=y—T oO (5) 
For non-associated liquids equation 3 gives 
Ts IP NAG 


Thus, in the formation of a surface a part of the energy must be supplied 
in the form of work in order to give rise to the free surface energy, and a part 
comes from the kinetic energy which the molecules themselves possess. Thus 
if a person extends a surface by doing work upon it, the liquid will also con- 
tribute its share to the total energy. The Clapeyron equation tells us that the 
temperature, that is, the wealth of the molecules in kinetic energy, is an impor- 
tant factor in determining the extent of this contribution. 

If a surface is to be formed on a definite liquid at a definite temperature, 
a definite amount of energy must be contributed and converted into potential 
energy. The writer has discussed this relation as applied to normal liquids 
as follows: ° 

The new principle or law will first be stated in one of its special forms 
as follows: Whenever a molecule moves from the interior of a liquid into the 
surface in such a way as to form a new surface, the average amount of its 
kinetic energy which is converted into potential energy is equal to 144 per cent 
of the mean translational kinetic energy of a gas molecule at the same tem- 
perature. This indicates that in general only the faster moving molecules 
possess sufficient kinetic energy to carry them into the surface. All known 
plane surfaces have a positive free surface energy, that is, the molecular poten- 
tial energy in a plane surface in which the above principle holds, is always 
greater than 144 per cent of the mean kinetic energy of its molecules, 
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Application to the theory of surfaces—As has been indicated in the last 
paragraph the molecules in a surface possess potential energy by virtue of 
their position. When a new surface is formed the principle given above 
indicates that a definite portion of this potential energy results from a trans- 
formation of the kinetic energy of molecular motion into the potential form, 
and that the amount of energy supplied in this form depends only upon the 
temperature ; and is proportional to the temperature. The free energy of the 
surface is simply the difference between the total energy, which depends upon 
the structure of the surface, and the latent heat of the surface which is con- 
dittoned by the above law. It is easy to see why, on this: basis, the surface 
tension or the free surface energy decreases rapidly with the temperature. 
The total surface energy is approximately constant (actually decreasing 
slowly) while the temperature is increased, provided the critical temperature 
is not too closely approached, which is the condition also for the application 
of the new principle since the surface film thickens as the critical temperature 
is neared. Since the contribution of the kinetic energy of molecular motion 
to this total energy is proportional to the absolute temperature, the free surface 
energy must decrease with the temperature. 


5. Tue Entropy RELATION 


Extremely simple relations are exhibited by the entropy (S) of a sur- 
face, which is equal to the latent heat (/) divided by the temperature, or 


= oF (7) 


This gives the entropy per square centimeter, but a more simple function is 
obtained by calculating the entropy per area occupied by a single molecule, 
since this proves to be constant and equal to —3 X 10°** ergs per degree for 
non-polar or non-associated organic substances, provided their molecules are 
not too large. Thus ; 

pene )y2 > 96. 1059 eres (8) 

oT 

per area of 1 molecule in the surface in which aes 
v is the volume of a single molecule of the liquid, and is given by 


M 
%= 6003 X 10" .d (9) 


Thus the area used for a molecule in the surface is not the average area, which 
is often unknown, but simply the area of one face of a cube whose volume is 
the average volume occupied in the liquid by a molecule. [Equation 8 holds 
only for symmetrical molecules. ws 

The principle involved is expressed below in non-scientific or ordinary 
terminology. Whenever a molecule moves from inside a liquid into the surface 
region, a price in work must be paid from outside sources, but in addition 
the molecule itself must pay an entrance fee, which seems in terms of energy 
to be based upon an entirely socialistic principle. That is, the price paid in 
energy by the molecule is always proportional to the wealth of the molecule 
in translational kinetic energy at the temperature in question. Thus at 300° K 
(27° C.), the price paid is 8.9 x 10% ergs, while at 600° it is twice this, or 
17:3<¢ lOmArergs: 
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In terms of entropy, however, the price paid by a molecule is the same 


2:96: x HOtS ( ee ). whatever the temperature. 


It is evident that the above relation does not hold for a single molecule, 
but gives merely the average values. If the area taken for the calculation of 
the entropy is the face of a cube which contains a formula weight of the liquid, 
then the entropy is found to be 2.0 calories per degree. This is known as the 
constant of Edtvés. The experimental work of Ramsay and Shields showed 
that its value remains constant over a considerable range of temperature. 

Concept of regions.—It is not sufficiently realized that the phase rule leaves 
out of account a type of portions of a system of supreme importance to the 
treatment of colloids. To avoid confusion the writer has applied to these the 
term regions. A phase, such as an aqueous phase, without any of the accom- 
panying surfaces or interfaces, is termed a region, and each interface is also 
a region. Thus if a flask of water is suspended in air by an iron clamp, and 
if the clamp is left out of account, there are three phases: glass, water, and 
air (with vapor). Each of these without its interfaces against the others, is 
also a region. There are also three interfaces: glass-air, water-air, and glass- 
water, or in all there are three phasal regions and three interfacial regions, 
which give a total of six regions. If a fourth phase, hexane, is added, the. 
number possible of regions is increased to ten, and with a fifth phase (solid) 
to fifteen. 


Entropy of Vaporization.’ 


It is shown above that when a molecule, such as that of nitrogen or of a 
normal organic substance, passes from a liquid region into the liquid-vapor 
interface, it pays a constant price in terms of entropy, and this price is inde- 
pendent of the concentration of the vapor. Since in passing into the surface 
a molecule completes a certain section of its path into the vapor state, it is 
interesting to inquire if a somewhat similar entropy relation can be found for 
the process of vaporization. Now the Trouton relation as modified by Hilde- 
brand may be stated: The price paid per molecule for passage from a liquid 
into a vapor region is constant in terms of entropy for any given concentration 
of vapor. Thus at 0.00507 mols/liter as the concentration of the vapor the 
entropy is 18.8 & 10°*° ergs per molecule, or 27.4 calories per mol. At 0.0201 
mols per liter it is 15.7 & 10°*® ergs per molecule. The theoretical basis for 
the use of a constant concentration of vapor has been found by the writer to 
lie in the principle of equipartion of energy between (1) gaseous molecules of 
different masses at the same temperature, and (2) between molecules in the 
vapor and those in the liquid with which the vapor is in equilibrium. 


6. Tue Seconp Law or THERMODYNAMICS AS A SPECIAL Exact ENTROPY 
PRINCIPLE 


In regional changes of any type in which molecules lose kinetic and gain 
potential energy, there is for any special type a more or less close adherence 
to the general principle that the molecules pay in terms of energy a price which 
is proportional to their mean wealth in kinetic energy at that temperature, 
which in turn is proportional to the temperature. The price depends, how- 
ever, on the nature of the region from which the molecule emerges, and of 
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that into which it passes, and does not take account of the energy used in 
connection with molecular association or dissociation. In the case of the con- 
version of heat into work, however, the conditions are more definite. Thus, 
if at a higher temperature the heat energy of a gas is converted into work, 
the amount of work produced is proportional to the temperature, and there- 
fore to the mean kinetic energy of the molecules. Since the entropy is the 
energy divided by the temperature, the amount of entropy produced is inde- 
pendent of the temperature. Thus the price in energy paid by the molecules 
for the work done is proportional to the wealth in translational kinetic energy, 
but the price paid in terms of entropy is a constant. . 

The second law indicates that large molecules are no more effective than 
small ones in giving work at a specific temperature. Therefore, if all of the 
molecules in a certain mass of vapor were to associate themselves, so that 
three molecules would unite to form one, the work produced by an isothermal 
expansion (to the same relative extent) would be decreased to one-third the 
former value. If, now, the work were to be calculated on the basis of the 
molecular weight of the original gas, the calculated value would be three times 
larger than the amount of work actually obtained, and the actual entropy 
change would be also only one-third of that obtained by calculation. If the 
molecular entropy of formation of all surfaces were the same, as supposed by 
some workers who have treated the principle empirically, then it would be 
possible to determine the degree of molecular association in an exactly similar 
way. Thus if the entropy were only one-third of the standard value 2.0 
calories per degree for the face of the molar cube, then on the average three 
molecules would have united themselves to form one. 

However, there are several factors which make such assumptions of doubt- 
ful validity. First, the entropy of surface formation depends not only upon 
the kinetic energy of the molecules of the liquid with which the price is paid, 
but also upon the nature of the surface region into which admission is to be 
obtained. Second, a complicated molecule may vibrate not only as a whole, 
but also in parts, and it is not impossible that some of this latter kinetic energy 
may be utilized in surface formation as well as the translational energy. For 
example the molecule of tristearin is very large, and contains three hydro- 
carbon chains. If these three chains were three single molecules, each of 
which could move as a whole but not in parts, the molar entropy would be 
about 6 calories. Actually the entropy of tristearin is 5.55 calories per degree. 
Walden and Swinne have obtained an empirical expression for this entropy 


function (f). 
f =— 1.90 —0.0112A% (10) 


in which A is the atomic weight of any atom. This equation has some value 
if used for such substances as nitrogen, oxygen, and organic substances, but 
in the case of mercury the nature of the surface is so different that the equa- 
tion is not applicable. Thus the calculated value is 2.06, while the experi- 
mental value is 0.96. The equation is far from valid for highly polar sub- 
stances. Thus for lithium chloride the equation gives 2.0, but experiment 
only one-fourth as much, 0.47 calories per degree. 


7. An ELECTROMAGNETIC THEORY OF SURFACES AND SURFACE ENERGY 


It may seem strange that a pull in the plane of a surface is used to bring 
molecules from below into the surface, for the surface tension has no com- 
ponent perpendicular to the surface plane. From the last section it is appar- 
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ent, however, that if the surface molecules are pulled laterally from each other, 
those from below utilize their kinetic energy to carry them into the surface. 
Section 3 of this chapter shows the intimate relation between the cohesional 
work and the free surface energy. It is evident that the forces which give 
rise to the phenomenon of cohesion are just those which are causal for the 
related surface energy and tension. : 

There is definite evidence that an atom consists of a central nucleus, which 
contains nearly all of the mass of the atom. The nucleus is supposed to 
consist of a number, equal to the atomic weight, of hydrogen nuclei, bound 
together by about half as many negative electrons. Since the charge on each 
positive electron is equal to that on each negative electron, the net positive 
charge (Z) on the nucleus is equal to the number (P) of positive, minus the 
number (NV) of negative, electrons, or 


P—N=Z (11) 


which is also the atomic number of the element to which the atom belongs. 
Around the positive nucleus enough outer or planetary electrons are present 
to make the atom neutral, that is there are Z planetary electrons in any atom. 


+—-+ 


Fic. 3.—Electrical Couples. 


One of the simplest of electrical principles is that like charges repel and 
unlike charges attract each other. If a positive and a negative electron could 
be placed so that they were coincident, then they would exert no electrical 
force on the exterior. It is known, too, that if the inner of two concentric 
spheres of conducting material carries a positive charge, and the outer an equal 
negative charge, there is no resultant electrical effect outside the latter. From 
this it might be supposed that if an atom, such as uranium which has 92 non- 
nuclear electrons, were to have these distributed on the surface of a sphere 
whose center is the nucleus, and as symmetrically as possible, then the elec- 
trical forces outside the atom would be relatively small. If the nucleus were 
in one position, and all of the negative planetary electrons in another, then the 
two would act as an electrical couple or bipole, and would either repel or attract 
other bipoles. However, if such couples are free to move it is found that 
they always arrange themselves so that the effect is an attraction. Two posi- 
tions in which electrical couples attract each other, are shown in Fig. 3. Elec- 
trical theories of surface tension have been developed by J. J. Thomson,® 
Fraenkel,® and by Debye,*® but the most complete theory is that of Fraenkel. 

That the problem is not entirely one of electrostatics is indicated by the 
fact that substances exhibit magnetic as well as electrical characteristics. 
Electrons in motion produce an electromagnetic field, and the most successful 
atomic theory, that of Bohr, is based upon the concept that the electrons in 
the atom are in rapid motion. It seems therefore more general to consider 
that the attractive forces between atoms and those between molecules are 
electromagnetic, rather than simply electrostatic. At present, however, the 
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electrical features of the theory have been much more highly developed than 
those concerning the magnetic relations. 

The attractive forces between atoms of helium are exceedingly small. 
Thus helium atoms do not unite with each other to form diatomic molecules 
except for minute intervals of time, and then only when they are in an abnor- 
mal condition, when they are designated as “excited” atoms. 

Helium exhibits all of the characteristics of a substance in which the co- 
hesional forces are minute. Thus the boiling and melting points are very low 
(M. P. = 2° absolute), the surface tension of the liquid is very small, etc. 
The same may be said of all of the rare gases, neon, argon, krypton, and 
xenon. To explain these characteristics it is supposed that in the atoms of 
these substances the non-nuclear electrons are distributed in such a way as to 
exhibit a very high degree of symmetry. A helium atom has two non-nuclear 
electrons, a lithium atom three. This third electron acts as if placed far out- 
side the two others in general, and the atom is not at all symmetrical. The 
melting point of lithium is 225 times higher than that of helium, so the co- 
hesional forces are very much higher. It is considered that the four outer 
non-nuclear electrons of carbon are distributed with a high degree of sym- 
metry, and it might be supposed from what has been given above, that the 
cohesion in carbon would be very low, but this is not at all the case, since 
the melting point of the diamond is extremely high (about 4000°), and the 
cohesion seems to be the highest of any known substance. Here a new fac- 
tor enters, in that carbon atoms combine with other carbon atoms in what is 
considered a chemical union. This has been supposed by Stark and by 
Lewis to mean that adjacent atoms share pairs of electrons, so that there 
are four pairs of electrons around each carbon atom in a crystal of diamond. 
This pairing of electrons has not been explained, but suggests the action of 
other forces than those entirely electrical. Since gravitation is so minute 
as to be altogether insignificant, the only assumption left in the present state 
of our knowledge is that such effects are electromagnetic. The space lattice 
of carbon atoms in diamond is continuous. Each carbon atom is united to 
four others by “chemical” bonds, so all of the carbon atoms in a diamond 
crystal are in one chemical aggregate. Nevertheless such a crystal does not 
possess at all the distinctive characteristics of a molecule, since it is capable 
of indefinite extension without any decrease “ in the inter-atomic forces. Con- 
trast with this the case of chlorine. Each atom of chlorine is supposed to 
have seven electrons in its outermost or valence set of electrons. The affinity 
between chlorine atoms is very great. So to speak the cohesion of one chlo- 
rine atom for a second is extremely high. However, if two such atoms 
combine, presumably by sharing a pair of electrons, so that each of the 
two atoms is now surrounded by an octet of electrons, the attractive forces 
between any such pair of atoms and any other corresponding pair is low. 
Such a pair constitutes a true molecule. That is, a molecule consists of a 
set of atoms united in such a way that the forces which hold each atom in 
the set are high when compared with the forces between the sets when they 
are adjacent. Also with a molecule the set is complete, while in the case of 
a crystal it is never completed. Thus on the surface of chlorine the effec- 
tive forces are those which are due to the completed sets, so the surface 
tension is low. On the surface of the diamond the electromagnetic field is 
the powerful one which gives rise to chemical combination, so the free sur- 
face energy of the diamond is extremely high. re ¢ heli 

It is supposed that the outer set of electrons is complete, in atoms of helium, 
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neon, argon, krypton, and xenon. In the first of these the complete set 
consists of two electrons or a single pair. In all of the others it is supposed 
that four pairs constitute the set. As has been stated the surface tension 
of all of these substances in the liquid state is very low. The molecule of — 
hydrogen contains a single pair of non-nuclear electrons, and this substance 
also has an extremely low surface tension. Nitrogen, in the molecules of which 
a set of ten electrons surrounds two nitrogen nuclei (each with its pair of 
inner planetary electrons), also has a very low surface tension. The high- 
est surface tensions for the elements are found on the whole in the center 
of the periods in the periodic table, and the lowest surface tensions at the 
ends of the periods (Table I). Thus complete sets of outer electrons give 
the lowest tensions, half-complete sets the highest. When the sets are nearly 
complete, molecular formation occurs, and the surface tension of the molecular 
aggregate is moderately low. With elements at the beginning of the periods 
(after the first) the sets of electrons are less than half complete, so mole- 
cules do not form, and the surface tension is moderately high, increasing 
to very high as the set approaches half completion. With such atoms it 
seems that valence unions are possible on any side of the atom, and the 
electromagnetic stray field is very powerful outside the atom in any direc- 
tion. In salts each ion has a complete set of outer electrons, which would 
indicate a low surface tension. However, each ion is charged electrically 
with a positive or a negative charge, so the electrical dipoles have a large 
moment, which causes the stray field and the resultant surface tension to 
be moderately high. 
TABLE I 


PERIODS AND CYCLES IN THE PERIODIC SYSTEM OF THE ELEMENTS 
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8. COHESION AND DISTRIBUTION OF A SOLUTE BETWEEN REGIONS 


One of the important problems of colloids concerns the distribution of 
a solute between regions. ‘This is the problem of adsorption. The present 
section gives an introduction to this subject by considering the subject of 
Sate as presented in a former paper by the writer together with H. H. 
cing, 

The first problem which will be considered is, given-two components (A) 
and (B), each in a phase by itself, with both phases at the common tempera- 
ture (7), when will these two phases be miscible, and when will they be 
practically insoluble in each other? Let (A) be in the liquid state. Then 
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the relation is not difficult to find, for we know that (A) mixes with itself, 
so perfect miscibility should result when the stray fields around the molecules 
of (B) are sufficiently like those around those of (A). Likeness of fields 
in this sense means likeness in intensity, and presumably in the rate at which 
this intensity falls off with the distance from the molecule. A sufficient like- 
ness of stray fields is also the condition which must hold if Raoult’s law 
Na Ne 
pa=Pa RES paXa, pp Pax, se 

is to be valid. Here p4 and pz are the vapor pressures of (A) and (B) over 
the mixture, P, and Ps are the vapor pressures of the pure liquids, and 
4, and #, are the mol fractions of (A) and (B) in the mixture. If (A) is 
a liquid and if the stray field around the molecules of (B) is very nearly 
the same as that around the molecules of (4), then (B) will usually be a 
liquid also, if under the same pressure. The mass of the molecule, and its 
shape, are other factors which have some influence in this connection. If 
the stray fields around the molecules of (A) and (B) are sufficiently differ- 
ent in intensity, then the two substances will be practically insoluble in each 
other. 

Since the intensity of the stray field falls off more rapidly with the dis- 
tance around some molecules than around others, it is not possible to give a 
list arranged in order of increasing intensity of the stray field which is cor- 
rect in all respects. Thus, while the intensity of the field close to the atoms 
of the heavy metals is very high, it undoubtedly decreases rapidly with the 
distance. On the other hand there are facts which seem to indicate that the 
forces around the oxygen or nitrogen atoms of organic compounds or of 
water, or such atoms as are commonly called “polar,” extend to a greater 
distance, although their intensity is less at the ordinary atomic distances. 
- However, the following list may be considered to give something of this 
order of increasing intensity for a limited number of substances. This list 
has been obtained for the most part from a consideration of the surface- 
tension relations of substances, and is as follows, beginning with those sub- 
stances around whose molecules the stray field is weakest: helium, neon, 
hydrogen (molecular, not atomic), argon, krypton, xenon, nitrogen, oxygen, 
methane, carbon monoxide, and the following organic compounds: saturated 
aliphatic hydrocarbons, aromatic hydrocarbons, sulfides, mercaptans, halogen 
derivatives (methyl chloride, carbon tetrachloride, chloroform, and ethylene 
chloride, with rapidly increasing fields) unsaturated hydrocarbons, ethers, 
esters, nitro compounds, nitriles, aldehydes, ketones, alcohols, amines, acids, and 
unsaturated acids. Following these are water, molten salts, heavy metals, boron 
and carbon. The list of organic substances is arranged for derivatives with 
short hydrocarbon chains. A lengthening of the chain causes a displace- 
ment in the direction of lower intensity for polar derivatives, but probably 
toward higher intensity in the case of the hydrocarbons themselves. It will 
be seen that in general the greater the distance between the substances in 
this list, the less their solubility in each other, the closer together the more 
soluble. For organic substances, though the present list is much more ex- 
tensive, it is in agreement with that found by Rothmund from solubility 
data.°® It is well known that metals in general give concentrated solutions 
only with metals, carbon carbides (hydrogen), and other similar substances ; 
molten salts dissolve salts or water; organic liquids are miscible unless at 
the very extremes of the list of organic substances; water dissolves salts or 
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organic substances which are close to it in the list. An interesting illustra- 
tion of this relation is given by data on the organic halogen derivatives listed 
above. The solubility of carbon tetrachloride per 1000 g. of water is 0.0052 
mols, while that of chloroform which lies closer to water, is 0.068; and 
methylene chloride, approaching water still more closely, has a solubility of 
0.236. This is also the order of increasing hydrogen content of the molecule, 
but that this is not the determining factor is indicated by the fact that 
methyl chloride and methane, similar compounds containing still more hydro- 
gen, are much less soluble in water. In organic compounds the intensity 
of the stray field is much higher adjacent to what are commonly called double 
bonds, than it is near single bonds, and this intensity grows much larger 
still if triple bonds are introduced. Corresponding to this the solubility of 
ethane with its single bond between two carbon atoms, is 0.0507 volume of 
gas per volume of liquid; that of ethylene with its double bond is 0.1311, 
or more than twice as great, while acetylene with its triple bond has a solu- 
bility of 1.105, or about 22 times more than that of the single bonded 
compound. 

In analyzing a solubility problem it is well to consider the attraction be- 
tween the molecules of (4), between those of (B), and also that between 
(A) and (B). Consider octane and water which are mutually insoluble. 
It has sometimes been considered that this insolubility is due to the fact that 
water molecules attract each other more than they do molecules of octane, 
and that octane molecules attract each other more than they do molecules 
of water. Now the work of this laboratory shows that while the molecules 
of water do attract each other much more than those of octane, on the other 
hand the molecules of octane attract those of water no more than they do 
those of octane. The much greater attraction of the water molecules for 
each other is a sufficient cause to produce immiscibility, since it is only neces- 
sary that when a group of water molecules is once formed the mutual attrac- . 
tion shall be great enough to cause the molecules of water to leave the group 
less often than they enter it so long as there is an appreciable quantity of water 
in the octane. The octane molecules are thus left in a phase by themselves. 

Since an increase in the intensity of the stray field around the molecule 
is accompanied by an increase in molecular attraction, it causes an increase 
in the cohesion of the liquid or of the solid, so in its application to pure liquids 
the above theory gives predictions which are similar to those obtained by 
that of Hildebrand,*® that liquids of like cohesions are miscible, while those 
whose cohesions are very unlike are practically insoluble in each other. How- 
ever, solubility is a molecular scale phenomenon, so there are certain advan- 
tages of a molecular theory. Moreover, the theory presented here has a 
much wider range of application, since it may be used to indicate the in- 
ternal structure of a liquid, to predict the distribution of components be- 
tween different phases, interfaces, and surfaces (these will be designated 
by the term regions), and is of great importance in theories of ideal and 
non-ideal solutions. In other words, it is a theory of what is called by 
Washburn 47 the “thermodynamic environment.’ This in the sense of our 
theory would be designated as the electromagnetic environment. 


9. PoLaRITY AND THE ELEectTricAL Moments or MoLEcuLEs 


If a body suspended upon an axis is acted upon by a force, the product 
of the magnitude of the force by the length of the lever arm is called the 
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moment of the force. If a minute bar of length J has a positive charge 
equal to ne at one end and an equal negative charge at the other, the electrical 
moment of the bar is Ine, or it is equal to the distance between the charges 
times the magnitude of the charge. The electrical moment of a molecule is 
defined in a similar way. Thus in a gaseous molecule of sodium chloride, 
the negative charge on the chlorine ion is equal to that of one electron, while 
the sodium ion has a positive charge of the same magnitude. If the electrons 
around the atom nucleus of each ion are distributed symmetrically, then the 
electronic center of gravity for each ion is coincident with its nucleus. The 
electrical moment of such a molecule is equal to the charge of an electron 
multiplied by the distance between the sodium nucleus and the chlorine nucleus. 
A molecule, such as that of sodium chloride, whose electrical moment is 
high, is called a polar molecule, and one with a moment so low as to be 
nearly zero, a non-polar molecule. Since the moment is probably never 
exactly zero, the term homo-polar is often used in place of non-polar to 
_ designate very low polarity. Helium, nitrogen, methane, hexane, and octane 
are examples of substances whose molecules have extremely small electrical 
moments, so they are commonly designated:as non-polar. 

If the material (dielectric) between the plates of a condenser is changed 
from a non-polar to a polar substance, it is found that with the same potential 
difference the charge held by the condenser is greatly increased. Thus it 
is 34 times larger with water than with hexane. However, a vacuum is 
taken as the standard of reference, and the dielectric constant of hexane 
is, on this basis, equal to 1.85, while that of water is 81. The capacity of 
the condenser is increased by polar molecules, since they rotate in the elec- 
trical field, the positive end of the dipole turning toward the negative plate, 
and the negative end toward the positive plate of the condenser. 

Smythe #2 has recently calculated the molecular moment (u) for a num- 
ber of typical organic substances by the use of the theory of Gans. A few 
of the values are given in Table II. The calculation makes use of the di- 
electric constant, the index of refraction, the density, and the molecular 


diameter and weight for the substance in question. 


TABLE II 
MoLEcuLAR MomeENTS For WATER AND TYPICAL ORGANIC SUBSTANCES 
SG10e 
Witater mbt acter leletert, sia Siseeuseres 1.98 
Paraftins Alcohols 
(SG GIST Ob BTCA Deo <0.048 Neth y Miee cic tower cis eae ee ae 
cg ce ge DOR Mar rineh tein oul tee cara 188 
PEE AE? | |e page Sp Rane eI 0.00 IPLOPVlaesee ease oe ate ca at ot cae oes 1.98 
[Wis bypATCN pnee ate EE ee Oe 0.49 Butyleterscsc ccc oe hee ce oeies 2.06 
ee erate ee eee OOS oMT Sob ue lean fiends Gar Tee emer ney 2.07 
7a isl ok a 0.50 Sele Mebtrt yt tents evctne ryote nis be di 1.95 
eee eine! aT 0.55 Pere butyl ee. seme IO en UR 1.84 
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EM RISE gs 102 GAC a LOS 1.30 
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Halides 
Cl Br I 
PPC Oona ae hidoe 0.13 0.58 _ 
Exes (liqtid) Se omestastateeut sec 1.07 0.92 0.64 
Kip (Pas) Win <ireeeitee recites 1.03 0.79 0.36 
(IED) opera tet Ane wisee os: 1.73 — = 
Midaiceers saith canta mentor MBAS. — — 
KaCGXe To. cas Satie aac atestee . 0.45 a _ 
CHXsCH Xauane tasers ions sor —- 1.37 _ 
CHEXC Ela Xtmarce nora teaertiog 1.55 1.07 — 


(Note: In general the values for polar molecules are too low, since the association 
is neglected.) 


10. Tur OrrIENTATION OF MOLECULES IN SURFACES 


A surface presents a most striking example of dissymmetry. On one 
side the electrical forces have an order of intensity similar to that in the 
interior of the liquid or solid, where they may give rise to a cohesion so 
high as to be equivalent to half a million megabars (or atmospheres), or 
to about seven and a half million pounds per sq. in. On the other side is a 
vapor, in which under ordinary conditions the molecules are so far apart 
as to produce only a negligible field between them. If a molecule with an 
appreciable electric moment enters the surface region where the electrical 
field has such a high order of dissymmetry, it seems evident that some de- 
gree of molecular orientation should ensue. The orientation would be lowered 
in degree, but not destroyed by the thermal agitation of the molecules. How- 
ever, evidence is needed to show that the extent of the average orientation in 
the surface is sufficient to produce a noticeable effect in the characteristics 
of the region. Such evidence, of an altogether conclusive nature, has been 
supplied by the writer **** and by Langmuir.*° 

The idea of orientation, but without evidence in its favor was presented 
by Hardy ** in two interesting paragraphs, one published in 1912 and the 
other in 1913, as cited below. 


“The corpuscular theory of matter traces all material forces to the attraction or 
repulsion of foci of strain of two opposite types. All systems of these foci which have 
been considered. would possess an unsymmetrical stray field—equipotential surfaces would 
not be disposed about the system in concentric shells. If the stray field of a molecule, 
that is, of a complex of these atomic systems, be unsymmetrical, the surface layer of 
fluids and solids, which are close-packed states of matter, must differ from the interior 
mass in the orientation of the axes of the fields with respect to the normal of the surface, 
and so form a skin on the surface of a pure substance having all the molecules oriented 
in the same way instead of purely in random ways. The result would be the polarisation 
of the surface, and the surface of two different fluids would attract or repel one another 
according to the sign of their surfaces.” (Hardy, 1912.) 

“Tf the field of force about a molecule be not symmetrical, that is to say, if the equi- 
potential surfaces do not form spheres about the centre of mass, the arrangement of the 
molecules of a pure fluid must be different at the surface from the purely random dis- 
tribution which obtains on the average in the interior. The inwardly directed attractive 
force along the normal to the surface will orientate the molecules there. The surface 
film must therefore have a characteristic molecular architecture, and the condition of 
minimal potential involves two terms—one relating to the variation in density, the other 
to the orientation of the fields of force.” (Hardy, 1913.) 


These paragraphs were so well hidden that they would have remained 
unknown to the writer if he had not been incited to the search by a sugges- 
tion in regard to orientation which arose in his own mind in 1912. Prior 
to this time he had been engaged for several years in research on interfacial 
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tension and solubility. In connection with investigations concerning the two 
phase system water-benzene the question arose as to the distribution of a 
polar-nonpolar molecule such as that of butyric acid. The solubility of this 
substance in (polar) water is due to the polar —C—O—H or carboxyl 


group, and its solubility in (non-polar) benzene to the non-polar CH,CH.CH.- 
or alkyl group. This is an illustration of the principle “like dissolves like.” 
The solubility of the butyric acid in the polar phase is decreased by its hydro- 
carbon chain, and that in the non-polar phase by the carboxyl group. At 
the interface, however, each end of the molecule can be in that phase m 
which it 1s most soluble: that is, the carboxyl group will dissolve in the water, 
and the hydrocarbon chain in the benzene. Thus the solubility of butyric acid 
should be greater at the interface than in either phase, and that this is true 
is indicated by the fact that butyric acid greatly decreases the interfacial 
_ tension in such a system. 

The principal attention of the laboratory became focused upon the evi- 
dence for orientation contained in data on the interfacial tension between pure 
liquids, and also between solutions, but, nevertheless it was natural that oil 
films on water should be considered to some extent. Thus a quotation from 
the lecture notes of George L. Clark, as taken during a lecture given by the 
writer in March, 1914, expresses tersely the fundamental basis of the entire 
theory in the statement “COOH of acid down because both acid and water 
associated and polar.” The subject under discussion, as exhibited by the con- 
text, was the spreading of a film of oleic acid over the surface of water. 


11. DzrIRECTION OF ORIENTATION OF MOLECULES AS EXHIBITED BY A 
COMPARISON OF THE WoRK OF ADHESION WITH THAT OF COHESION 


Data concerning the thickness of surface films on water give excellent 
evidence in favor of orientation, but they give no proof whatever as to 
whether the polar or the non-polar end of a molecule such as oleic acid is 
uppermost. The best evidence in favor of the fact that the polar groups turn 
toward the water, and the non-polar groups toward the air, is that obtained 
by a comparison of the work of adhesion of organic liquids against water or 
mercury, with the work of cohesion for organic liquids alone, and also by a 
comparison of the energy of surface formation with that of vaporization. 

The logs which are seen floating upon the surface of the water of a river 
or lake are in a non-symmetrical field of force. They orient themselves with 
their longitudinal axis horizontal. Tf, however, each log is weighted -with a 
mass of iron of the proper weight, it may still float, but the longitudinal 
axis becomes vertical (Fig. 4), the iron sinks below the surface, and the 
wood projects above it. In lectures this is easily illustrated by the use of a 
large glass trough of water upon the surface of which both weighted and 
non-weighted cylinders of wood are thrown. Cylinders one-eighth inch in 
diameter and four inches long are convenient since a very large number of 
them may be used to exhibit either the horizontal or the vertical type of 

rderly array. 
othe Rerael type of orientation is due to the fact that the weighted end 
of each log is more highly attracted by the earth than the unweighted end. 
It may be assumed that the polar or carboxyl end of a molecule of butyric 
acid is more highly attracted by the liquid than the non-polar or hydro- 
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Fic. 4.—The orientation of weighted logs, or of polar-homopolar molecules, between 
water and air. 


carbon end. That is, the polar end is more highly weighted than the other 


by electrical attraction. 
If a bar of butyric acid or of octyl alcohol of unit cross section (Fig. 5) 
is pulled in two at the plane S, the molecules should first orient themselves on 


Area 
Isq.cm. 


Fic. 5.—Cylinder of liquid with one square centimeter area of cross section, The work 
in ergs necessary to pull the liquid apart to ioim two plane surfaces perpendicular 
to ae axis of the cylinder is equal numerically to twice the surface tension (2) 
in dynes. 


both sides of the plane where the break is about to occur. Fig. 6 indicates 
that the final work of separation will be affected most largely by the attrac- 
tions between the non-polar ends of the alcohol molecules. However, in the 
first period of the separation some of the polar ends which are to go on 
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the upper side of the plane must be separated from others which are to go 
to the lower side.* Thus it is to be expected that the work of separation 
of octyl alcohol from itself would be higher but not very greatly higher 
than the work of separation of octane from octane. So much for the theory. 
Let us see how the facts correspond. The work of cohesion (W,) for 
octane is 43.5 ergs per sq. cm., or while, as indicated, that for octyl alcohol 
is moderately higher (55.1). 

If, however, octyl alcohol is to be pulled away from water the relations 
are different. The hydroxyl groups should be turned toward the water, 
since polar groups are more highly attracted by a polar liquid, and the hydro- 
carbon groups of the surface film, away from the water (Fig. 7). Here 
the final break must come between the polar hydroxyl groups of the alcohol 
and the water. Therefore the work of adhesion should be high. The ex- 
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Fic. 6.—Orientation of alcohol molecules in the surfaces where a bar of liquid alcohol 
is pulled apart. 


periments of the writer and his associates indicate that this is the case, and 
that the value is 91.8 ergs per cm., or about 111 per cent higher than the work 
of separating the alcohol from itself. 

Since the work of cohesion for water is 145.8 ergs per cm., or higher 
than the work of adhesion between water and the alcohol, it might seem 
at first consideration that the hydroxyl groups of alcohol are not so highly 
attracted’ to water as might be expected, but it may easily be shown that this 
is not true. A plane water film would contain 10 X 10* molecules per sq. 
em. or the work of pulling water from itself is about 15 x 10° ergs per 
molecule, The work of pulling away the alcohol is twice as great, or 
30 & 1074 ergs per alcohol molecule if orientation is assumed (and even 
higher if there is no orientation), a value so high that it gives definite evi- 
dence that the hydroxyl groups are actually turned toward the water to a 
very considerable extent. 


* Also it is believed that polar characteristics transmit themselves, though in a highly reduced 
degree, along such a hydrocarbon chain. 
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It is of considerable interest that the work of pulling octane away from 
water is no larger than if octane is pulled from itself. Thus Wa is 43.8 for 
octane-water, and 43.5 for octane-octane, or the same within the limit of 
the experimental errors of the four determinations involved. Thus the high 
polarity of the water is not effective in increasing the attraction for a non- 
polar liquid. 

A molecule of octane contains 26 atoms. The introduction of a single 
oxygen atom at the end of the chain converts tt into octyl alcohol with a 


OS 


2 ay 
\ 


aw 
1 


aa. 
ES 


ui 


Fic. 7.—Orientation of alcohol molecules at the interface between alcohol and water. 
The orientation of the water molecules at the interface is not represented. It may 
be supposed that the liquid alcohol possesses a certain amount of structure or 
association” (at any moment) due to the union of polar groups of the alcohol 
or of polar groups of the alcohol with molecules of water dissolved in the alcohol 
if the latter is not dry. 


resultant increase in the cohesional work of 26 per cent. H owever, the ad- 
hesional work toward water is increased to a truly remarkable extent by 
111 per cent. The values for caprylic or capric acid are almost the same ‘and 
the relations between the values are similar for the amines and the nitriles 
and other compounds with highly polar groups at the end of a long chain 
Thus it is evident that for non-symmetrical molecules such as octyl alcohol 
(CsH,;OH), heptylic acid (CeHisCOOH), and mercaptan (C,H;SH), the 
adhesional work (Wa) is determined by the strongest electromagnetic fields 
in the molecule, while the tensile work (W,) is determined by the weakest 
fields, so for unsymmetrical molecules the work of adhesion is high, and the 
work of cohesion is low. In the case of entirely symmetrical molecules there 
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could be no orientation. However, contrary to current opinion, the symmetry 
involved is not that of form, but is on the other hand largely that of the 
field around the molecule. The greatest problem in connection with the 


Fic. 8—Weighted sphere oriented by gravitation. A molecule of high symmetry with 
respect to shape may be unsymmetrical with respect to the electromagnetic forces 
between it and surrounding molecules. 


orientation theory is to determine the symmetry or lack of symmetry of 
the molecular fields of force. Fig. 8 represents a sphere, which, while en- 
tirely symmetrical with respect to its outer form, will orient itself with respect 
to a gravitational field, since it is heavily loaded on one side. A molecule which 
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Fic. 9.—The free interfacial energy at phase boundaries between water and other liquids. 


is quite symmetrical while in the vapor, may become much less so when it 
enters the non-uniform field at the surface of a liquid. Jf a molecule mcreases 
its symmetry without a change of composition, the theory indicates that its 
cohestonal work should increase, and its adhesional work toward water de- 
crease, and the data indicate that this is true. An increase of symmetry not 
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only reduces the extent of the orientation, but it also decreases the effect of the 
orientation upon the energy values involved. 

Thus it is only when an organic molecule is at least moderately symmetrical 
with respect to its field, that the work of cohesion can become higher than 
that of adhesion. Thus W,—W <, which will be designated as the spreading 
coefficient S’, is dependent upon lack of molecular symmetry for its high values, 


and upon the presence of such symmetry for high negative values. For the 
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Fic. 10.—The adhesional work between water and other liquids. 


highly unsymmetrical alcohols and amines S is about 50, while for CS, it is — 7 
for tribromhydrin (CH,BrCHBrCH,Br) it is —11, and for acetylene tetra- 
bromide (Br,CHCHBr,) it is —15.6. In general liquids will spread upon 
the surface of another liquid if the spreading coefficient of the former is posi- 
tive, and will not spread if it is negative. Thus the spreading coefficient for a 
substance upon water 1s a good indicator of the symmetry of the field of the 
molecules of the substance. 

_A careful study of the energy values of Table III will show that their 
evidence in favor of molecular orientation in surfaces is convincing. Similar 
data for about 100 organic substances have been determined by “the writer 
and his associates.*‘ A few of these are represented in Figs. 9 and 10. 
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ILLUSTRATES THE SMALL EFFECT ON THE CoHESIONAL, AND THE LARGE INCREASE OF THE 
ADHESIONAL WorK WuicH ACCOMPANIES A DECREASE IN THE SYMMETRY OF MoLE- 
CULES OF THE SUBSTANCE 


(In the table the substance in the upper phase is listed above, and that in the lower 
phase, below the line. Energy values in ergs per sq. cm. of cross section of the bar 
of liquid disrupted.) 


Octyl : Heptylic 
Octane Alcohol Octylene Acid Heptane 
43.5 55a 44.7 56.6 40.2 
Octane Octyl Octylene Heptylic Heptane 
Alcohol Acid 
Octyl Heptylic 
Octane Alcohol Octylene Acid Heptane 
43.8 91.8 72.9 94.8 41.9 
Water Water Water . Water Water 
CCL CCl, (CHs)sCCl (CHs)sCCl 
53.5 56.2 39.2 68.6 
-~CCL H:.O (CHs)sCCl H:.0 
CHCl, CHCl, (CHs)2CH2CH.C1 (CH:)2CH:CH-Cl 
54.3 67.3 43.8 70.3 
CHCI,; H.0 (CHs)2CH2CH:Cl H.0 
CH.Cl CH:Cl, (CHs) CH2CH:2CH.C1 (CHs)sCH2CH2CH:,Cl 
53.0 71.0 47.0 80.8 
CH2Ch H:0 (CHs) CH2CH:CH:C1 H:0 
CS, C.H;sSH 
62.8 43.6 
CSa C.HsSH 
CSa C.HsSH 
55.8 68.5 
H0 HO 


A comparison of octane and octylene shows that the double bond in the 
latter increases the cohesional work only from 43.5 for the former to 44.7 
for the latter, or a practically negligible increment. On the other hand, that 
a single double bond at the end of this molecule which consists of 24 atoms 
causes a high attraction for water as is shown by the increase of more than 
66 per cent in the adhesional work. Such a pronounced effect could not occur 
if orientation were absent. It may be remembered that the molecular moment 
of octylene is only about one sixth that of the corresponding alcohol, so 
the high attraction between octylene and water as revealed by the high ad- 
hesional work suggests that the polarity of the double bond is increased by 
the proximity of the highly polar water at the interface. 

The molecular moments of carbon tetrachloride, chloroform, and methy- 
lene chloride (CH,Cl,) increase in the order listed, being 0.48 for the first 
and 1.73 for the last, yet the cohesional work is almost the same: 53.5, 54.3, 
and 53.0. The effect of the increasing molecular moment is paralleled, how- 
ever, in the increasing attraction for water, since the respective values of 


W, are respectively 56.2, 67.3, and 71.0. 


The above discussion relates to the work, which is the same as the free 
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energy, of various surface changes. The total energy of these changes is 
even more important, but not so many values are known. All of the work _ 
done thus far upon this important problem is that of Harkins and Cheng.” 
They show that the values for the total energy exhibit exactly the same type 
of variation as that given above for the free energy values, and thus add 
another set of data which indicate molecular orientation in surfaces. The 
following paragraph is quoted from the summary of their paper. 


The addition of one oxygen atom to the 26 other atoms present in octane to give 
octyl alcohol increases the tensile energy by only 2 per cent, while it increases the 
adhesional energy by 65 per cent, and similar relations are found for the organic acids, 
aldehydes, and heptin. In contrast with this, it is found that the double bonds increase 
the tensile energy greatly, about 40 per cent, in the change from hexane to benzene, 
while the adhesional energy toward water is increased by only about 30 per cent. It 
is found, too, that the very symmetrical halogen derivatives, carbon tetrachloride and 
ethylene dibromide, which give specially high values for their own tensile energy, give 
specially low values for their adhesional energy toward water. The tensile energy of 
ethylene dibromide, on account of its symmetry, is higher than that of ethylidene 
bromide. These facts are easily explained on the basis of the hypothesis that the 
unsymmetrical molecules are oriented in the surface, and therefore give very strong 
evidence in favor of the orientation hypothesis. When a bar of heptin (or of an organic 
acid, alcohol, aldehyde, amine, etc.) is pulled apart, the break occurs where the electro- 
magnetic field (largely electrical) and the resulting attraction is weakest, that is between 
the hydrocarbon chains, and in order that this may be the case the hydrocarbon chains 
turn into the nascent surface in the process of its formation. In the benzene the sym- 
metry of the molecules is so great that the break must occur between certain of the 
unsaturated groups, that is where the intermolecular electromagnetic field is high. The 
fact that the adhesional energy of octane is so greatly increased by the addition of one 
oxygen atom to form octyl alcohol, indicates by similar reasoning that the oxygen atoms 
turn toward the water at their interface. Thus the adhesional energy toward water is 
determined by the strongest electromagnetic fields in the molecule, while the tensile 
energy is determined by the weakest fields, provided the molecules are unsymmetrical. 


12. MOLECULAR ORIENTATION AND THE SURFACE AND INTERFACIAL ENERGY 
RELATIONS OF A METAL 


The theory of lubrication * indicates that one of the most important char- 
acteristics of a lubricant is the extent to which it adheres to the surfaces which 
it lubricates. The surfaces most commonly used are those of metals. There 


i) 


Fic. 11.—Flexible apparatus wholly of glass, for the determination of the surface 
tension of a liquid metal by the drop weight method. 


is no known method of determining all of the values for a solid, but the re- 
lations for a liquid metal have been worked out carefully by Harkins, Grafton,?® 
and Ewing.” The surface tension of mercury was obtained by determin- 
ing the weight of a drop of mercury which falls into a high vacuum from 


* See also paper by Sir W. B. Hardy, this volume. J. A. 
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a tip (7, Fig. 11) of an accurately known radius. The technique of the 
method is described below. 

The mercury was purified by the methods recommended by the Bureau 
of Standards. It was then put into Flask A, after which the apparatus was 
sealed, dried, and evacuated by a mercury condensation pump. It was then 
distilled into reservoir B, with the pump still running. The spirals C, C’ 
permitted the reservoir to be raised so that the mercury flowed over and 
dropped from the tip 7. The height of B was adjusted so that a drop formed 
_in 2 minutes. Determinations were made in which the time of formation of 
the drop was varied between one and five minutes and it was found that the 
weight of the drop is independent of the time whenever the period is greater 
than 1.5 minutes. When 10 drops had fallen into D, the tube was sealed 
off and another 10 drops collected. The sealed portions of the tube contain- 
ing the mercury were broken and the mercury weighed in a weighing bottle. 
A constriction was made in the capillary tube at E to control the speed 
of drop formation. In the diagram F represents a ground glass joint and G 
"a mercury seal. It was found necessary to have the portion of the capillary 
tube above the tip perfectly smooth and clean. Any roughness of the glass 
or the presence of a particle of dust caused the mercury column to break 
apart at that point, so that many tubes had to be tried before a satisfactory 
one was found. A 2-stage mercury condensation pump was used in producing 
the vacuum, and the system was evacuated for 2 hours before starting the 
collection of drops. The pressure was so low that no pressure could be 
detected by the use of a McLeod gage. The results obtained are given in 
Table IV. The surface tension, Col. 2, are calculated from the equation 
y = mg/2anrw(t/v'/*) and the latent heats from the Clapeyron equation 
/=— TAy ps Neds: § 

The following results indicate that for mercury the Ramsay-Shields con- 
stant is 0.96 instead of the normal 2.12, or the entropy of surface formation 
for the area occupied ,by a molecule is 0.0135 & 10 ergs. 


TABLE IV 


Tue Free Enercy, Latent Heat, anp Torat ENERGY OF SURFACE FoRMATION OF 
Mercury in Vacuo 
(All values in ergs per sq. cm.) 
Entropy-of surface formation = 0.22 ergs per degree per cm.’ 


1. 2. 3. 4. 5 
€ otal Ener 
Recuiice eesti ret Sus face » Ay/AT 
emp c.C. Formation Formation Formation Yo 
Oi aperereety suchen 480.3 60.1 540.4 0.00046 
Ds aime ohtirb clot oe 478.3 62.3 540.6 — 
Vs SHereob boner 476.1 64.5 540.6 — 
GON on. 58 Roemer 474.2 66.7 540.9 — 
Aes oO awonaeos 471.3 68.9 540.2 — 
SO eeeeese ct cctovegs wie Vs 469.4 7A es 540.5 — 
Us Aut oncde Satie 467.1 73.3 540.4 — 


At 20° the surface tension and free surface energy of mercury are rep- 
resented by the number 476. If the other phase is water or an organic 
liquid instead of the vacuum, the free surface energy is decreased by from 
86 to 172 e1gs per sq. cm., the latter decrease being caused by methyl iodide 
whose surface tension is 35 dynes per cm. These values prove conclusively 
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that the relation frequently cited, “the interfacial tension is the difference 
between the surface tensions of the two liquids,’ is very far from true. 
Thus 476 — 172 = 304 the actual interfacial tension, while 476 — 35 = 441, 
or a difference of 137 between fact and theory. Table V lists the surface and 
interfacial energy relations at constant temperature of mercury and various 
organic liquids. 
TABLE V 
Tue ADHESIONAL Work Between Mercury, WATER, AND ORGANIC LIQUIDS, WITH THE 


CoHESIONAL SURFACE WorkK IN ORGANIC SUBSTANCES FOR COMPARISON. (Liguips 
ARRANGED IN ORDER OF ADHESIONAL Work Towarp Mercury) 


(In ergs per sq. cm.) 


7 

(2) (3) (4) (6) Difier- 

Interfa- Adhe- Cohe- Adhe- ence 

cial Ten- sional sional (5) sional Mercury 

sion Work Work Differ- Work Minus 

(1) Against Against Against ence (3) Against Water 

Liquid Mercury Mercury Itself Minus (4) Water (3-6) 
GN). domssacponodoagapoes He 465 a — = = 7 
Hlexane arsenic ste cts taciate 378 120 36.9 83 40 80 
thy lwethermenettrriri serait 379 123 43.6 79 73 50 
Octanehiaeer Goes c eee: 375 127 43.5 83 44 83 
Carbon tetrachloride .......... 362 150 53.3 97 56 94 
Chioroformpeesseeate et 357 155 54.3 101 67 88 
Benzene miter ia dacrecrrecr er 363 146 57.6 88 67 79 
POLUene a were aeminecrersiste s ciereeaccare 359 151 58.0 93 67 84 
MeN ylemenmsae Asie eel ers 357 152 58.0 94 64 88 
O=XVlenewe seek siicinasie since ns cee 359 153 58.0 95 67 86 
Dewy lenient ctrreiecas etre at 361 155 54.0 101 64 91 
Tso-butyl alcohol®; 3.02...) << 348 155 45.6 109 94 61 
Secondary octyl alcohol........ 348 159 _ — pase ane 
Octylvalcololrn acts 352 161 55.1 106 92 69 
Methylene chloride ........... 341 169 53.0 116 71 98 
Ethylidene chloride ........... 337 174 49.2 125 = ee 
Nitrobenzenel iam conceit eel: 350 173 86.8 86 91 82 
Carbone biswlidemesnc cee 336 175 62.8 113 56 119 
PA HILINER. tscctits siebros cee ety 341 181 85.2 96 110 71 
Wateriawetcui nc con@eemairaen: 375 182 145.6 36 145.6 36 
@leiceacidien-maccunn oe 322 191 65.0 136 89.6 101 
thy leiodidete srs tas torreon eta 322 195 56.4 139 63 132 
Ethylene bromide ............ 326 197 77.4 120 75 122 
Methylsiodidet- mare e ce sete 304 Zl = = oe bax 
Acetylene tetrabromide ....... 293 230 99.3 131 84 146 
Mefeurygccncs ante ao leer’ _— 960 960.0 — 182.6 (778) 


Column 4 gives We, which is 2y, for various organic liquids. Column 5 gives $ 
the spreading coefficient of various organic liquids on water. Note that all of the values 
are high and positive. See Section 15. The values of the adhesional work indicate 
that iodine or bromine atoms of an organic compound are oriented toward the mercur 
at the interface even more strongly than carboxyl groups. te 


13. ADSORPTION AND THE DISTRIBUTION OF A SUBSTANCE BETWEEN REGIONS 


It has already been indicated (Sections 8 and 9) that the solubility of a 
substance and its adsorption in interfaces is highly dependent upon the electro- 
magnetic fields of the various molecules.1? 
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In studying this hypothesis the quantitative relations may be determined 
by the use of Gibbs’ equation for adsorption. 


ae ONG Ri eile Liv a0), 
eo) rym. =~ Er (aa): 
Here u gives the excess of solute in the surface film over that in the solution. 


F is the Gibbs’ zeta function, a is the activity, and n represents the number of 
mols of solute. The equation may be expressed 


ae, Oy /Or 
~~ ¥06/8r ke) 


where r is the dilution, and p is the osmotic pressure of the solution. For a 
perfect solution either of these reduces to 


Eyes ia0y 
Laat oy RIeOlnot (3) 


While in applying the hypothesis concerning the molecular fields the in- 
tensity of the stray fields around the molecules is of primary importance, at 
least one additional principle must be used if the direction which any change 
will take by itself is to be predicted. As might be expected the second law 
of thermodynamics is of fundamental importance in this connection, and for 
this purpose it may be stated in the form: Any change which takes place by 
itself in a system will proceed in the direction which will result in a decrease 
in the free energy of the system. Thus a surface will decrease in area by 
itself, but will not increase. Since a rapid variation of the intensity of the 
stray field with the distance in any direction, is accompanied by a high con- 
centration of free energy, the second law indicates that in any change which 
takes place by itself, the variation in the stray field becomes less abrupt. 
If we imagine the surface of a liquid up to a bounding surface plane, to 
have just the same structure as the interior of the liquid, then the actual 
surface always has a smaller free energy than would be given by calcula- 
tion for this imaginary surface, and therefore the drop in intensity of the 
stray electromagnetic field at the actual surface is always less than it would 
be at a surface of the structure of the imaginary surface. Since a molecule 
is often made up of several species of atoms, the stray field around it is 
often unsymmetrical. Thus many organic molecules, such as the primary 
normal alcohols, acids, amines, nitro compounds, nitriles, ethylene and acety- 
lene derivatives, etc., consist of a paraffin chain, around which the stray 
field has a relatively low intensity (a so-called nonpolar group), while at 
the other end of the molecule there is a group containing oxygen or nitrogen, 
sometimes with metals in addition, around which the intensity of the stray 
field is relatively high (a polar group). Such molecules may be designated 


as polar-nonpolar, and designated by the symbol O , where o represents the 


polar, and [{] the nonpolar end of the molecule. If molecules of this type, 
such as butyric acid (C;H;COOH) are put in a two-phase system consist- 
ing of a polar liquid such as water, and a nonpolar liquid such as octane, then 
the free energy of the interface will be less when the transition from one 
liquid to the other is made by molecules of butyric acid, with their polar 
ends turned toward the water, and their nonpolar ends turned toward the 
octane, since in this way the abruptness of the transition 1s decreased. 

The problem here arises as to the distribution of molecules of the polar- 
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nonpolar type between the two liquid phases and the interface between them. 
It may be considered that each region (phase, surface, or interface) exerts 
a certain restraining force upon (has affinity for) the solute molecules. Since 
at equilibrium the thermodynamic potential of the solute is the same in all 
of the regions, it may be considered that the concentration of the solute (at 
equilibrium) in each phase, interface or surface, gives an index of the re- 
straining force exerted by that region upon the solute molecules. Let us 
now assume that we have a number of exactly similar two-phase systems, 
each of which consists of equal volumes of a polar liquid, such as water, 
and a nonpolar liquid such as octane, with an interface of a definite area 
between them, and into each of these systems we put N molecules of the 


polar-nonpolar type iH . The hypothesis indicates that with a given polar 


group the distribution of the N molecules will vary in such a way that with 
an increase in the length of the nonpolar part of the molecule, the number 
of molecules, and therefore the restraining force in the octane will increase, 
while in the water both of these will decrease. The reverse of this occurs 
when with a given nonpolar chain, there is an increase in the number of polar 
groups. The greatest restraining force would be exerted on such molecules 
when they are in the interface, where the nonpolar end of the molecules 
could turn toward the nonpolar liquid, and the polar end toward the polar 
liquid. Since the restraining force is greatest at the interface, the concen- 
tration in this region should also be the greatest, which agrees with the facts 
as found by experiment. This case is more complicated than when the volume 
phases alone are considered, so it will be discussed in a later section. 

In the general case, where a component (4) is distributed between a 
number of phases (a), (0), (c), etc., the distribution will take place in such 
a way that when equilibrium is obtained the highest concentration of (A) 
will be found in the phase between whose molecules (or atoms if there is 
no formation of molecular aggregates) the intensity of the forces (and prob- 
ably the rate at which the intensity fall off with the distance) due to the electro- 
magnetic field is most nearly similar to that around the molecules of (4). 
The least concentration of (4) will be found in the phase whose field is 
the most different from this, and in the other phases the concentration will 
increase as the properties of the phase approach those of (A) in the respect 
under consideration. The concentration in the various interfaces will be dis- 
cussed in later paragraphs. 

In the application of this very simple hypothesis certain complications 
must be kept in mind. The cohesion in nitrogen, for example, may be said 
to be due to the intermolecular field which is weak, and not to the inter- 
atomic field between the pairs of atoms, which is strong. In a like manner, 
if two butyric acid molecules unite to form a double molecule, the stray field 
is weakened, and the solubility in polar liquids such as water is greatly de- 
creased, while that in slightly polar liquids such as octane, is greatly increased. 
The butyric acid is little associated in a dilute aqueous solution because most 
of its combinations will be made with the water (hydration) which is pres- 
ent in a much higher concentration than the acid. In extremely concentrated 
aqueous solutions, mostly butyric acid, the acid may be said to be associated 
to a considerable extent. 


Relation at Surfaces and Interfaces. 


While at the surface of a solid or liquid the amount of gas adsorbed at 
a given gas pressure increases in general both with the cohesion of the solid 


U 


SURFACE ENERGY AND SURFACE TENSION 219 


or liquid, and also with that in the liquefied gas, provided the surface is not 
saturated, there are exceptions to this rule which may be explained on the 
basis of electronic fittings. That the above rule is in general true is indicated 
by many facts: The adsorption on a mercury surface is much greater than 
that on a water surface in the case of the ordinary gases which do not react 
with either surface to form molecular aggregates; and the adsorption on a 
carbon surface increases with the boiling point of the adsorbed gas, etc. 
Thus the general case may be considered from the standpoint of cohesion 
(or adhesion) and deductions obtained which are in accord with the facts. 
To a certain extent either of the above methods may be used to advan- 
tage at the interface between two liquids, but in some respects it seems 
simpler to use the hypothesis in regard to the intensity of the stray electro- 
magnetic fields, although all 3 theoretical methods of consideration are re- 
lated to each other. If two phases, (A) with the higher and (B) with the 
lower intensity of stray field uniting the molecules, could be put in contact 


Benzene. 


Phase 


Vapor Phase 
of Water 


Fic. 12.—Drop in the intensity of the stray field between water and vapor, and between 
water and benzene. 


in such a way as to have the field of each perfectly uniform up to a plane 
phase boundary or interface between them, then the whole drop in intensity 
between the two phases would occur in a surface of infinitesimal thickness ; 
so, at least by certain methods of mathematical analysis, the free surface 
energy would be infinite. While this is not an actual case it suggests the 
idea that as the thickness of the transition layer increases the free surface 
energy diminishes. With a given thickness of the surface layer the free sur- 
face energy increases as the intensity of the stray field in (B) decreases, so 
the maximum free surface energy is reached when (8) is a vacuum, and is 
nearly realized when it is a dilute vapor or gas. 

In so far as the cohesion of a liquid is an index of the average intensity 
of the stray field in a liquid it might be expected that the free surface energy 
between the given liquid A and a fluid phase B would thus increase as the 
cohesion in B decreases, provided the thickness of the surface film remains 
constant. The values of the cohesion which should be used in such a com- 
parison are not, however, those for pure liquids, but should be the results 
obtained for the saturated solution of each liquid in the other—if equilibrium 
values are desired. It is manifestly true that the equilibrium value of the 
interfacial free energy between miscible liquids is always zero. 
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Adsorption at Surfaces and Interfaces. 


Consider a two-phase system which consists of water and water vapor, 
and a second system in which the vapor is replaced by benzene. As is in- 
dicated in Fig. 12 the intensity (Y-axis) of the intermolecular fields is great- 
est in water and least in the vapor phase of the water. Let butyric acid be 
added to both two-phase systems. The polar end of the butyric acid mole- 
cules is like water in the intensity of its stray field, and the intensity of the 
field decreases as the non-polar end of the molecule is approached. If these 
molecules enter the surface of the water or the interface between water and 
benzene, they make the drop in the intensity of the stray field perpendicular 
to the surface more gradual in both cases, and thus lessen the free energy. 
Since the free energy of the water surface is greater than that between the 


Fic. 13.—Distribution of butyric acid between water, the interface water-benzene, and 
benzene. The concentration of the. butyric acid is highest in the interface. At 
high concentrations of butyric acid its concentration is higher in the benzene phase 
than in the water, but at low concentrations the concentration in the water is greater. 


two liquids, the decrease in free energy is also greater, and the surface is a 
better trap than the interface for molecules of the polar-nonpolar type. Thus, 
since the drop in the intensity of the field is greater at the surface water-vapor 
than at the interface water-benzene, the restraining force is much greater in 
the former, and the average activity of molecules of butyric acid is much less 
in the surface than in the interface. 

Experiments by Harkins and King?* show that for a monomolecular 
film the activity of the butyric acid is 3.5 times greater in the interface than 
at the surface, entirely in accord with the conclusions of the last paragraph. 
It is further of interest that the number of molecules in the monomolecular 
film as calculated by the Gibbs’ equation, was found to be 2.77 & 10% per 
sq. cm. whether the film is on the water surface or at the interface between 
water and benzene or between water and hexane, ** thus indicating this number 
to be dependent upon the area rather than the decrease in free energy involved. 

Fig. 13 illustrates the distribution of butyric acid between butyric acid 
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and benzol. Here the concentration is greatest at the interface, smaller in 
the benzol phase, and least in the water. In the benzol a part of the butyric 
acid is associated ; that is, the carboxyl groups are together. Presumably this 
is a kinetic and not a static phenomenon. The relations may be explained 
qualitatively by assuming that associated butyric acid is more soluble in 
benzol than in water, and non-associated more soluble in water than in benzol. 
Since the association increases with the concentration, this agrees with the 
fact that at high concentrations more butyric acid is present in the benzol 
~ than in the water, while at low concentrations the reverse is true. Imagine 
a system water, surface, vapor in which the surface concentration of the 
butyric acid is the same as that of the interface of Fig. 13. Then the con- 
centration of the butyric acid in the water is less than that illustrated in the 
- figure, and is least of all in the vapor. 


The Relation between Adsorption and Molecular Orientation. 


The following discussion, taken largely from an early paper by the writer," 
is included here in order to show that molecular orientation at the surface 
of a pure liquid, and the adsorption of molecules at the surface of a solu- 
tion, are phenomena of essentially the same type. Thus molecular orienta- 
tion consists merely in the adsorption in a surface of one end or side of a 
molecule in preference to the other. The end which is positively adsorbed is 
always the one which will give the lower surface tension, that is, the one 
which will make the work of forming the surface as small as possible. Thus 
in molecular orientation the outer surface takes that part of the molecule 
which may be raised into the surface with the least expenditure of work; in 


adsorption the surface takes those molecules which may be lifted into it most, 
easily, and then of these the extreme outer part of the surface takes the ™ 


ends which may be raised into it most easily. 

Thus in molecular orientation the surface chooses those ends of the mole- 
cules which it can get by the least amount of work, and in adsorption it 
chooses the molecules which it can get by the least work. 

1. The molecules in the surfaces of liquids seem to be oriented, and in 
such a way that the least active or least polar groups are oriented toward 
the vapor phase. The general law for surfaces seems to be as follows: Jf we 
suppose the structure of the surface of a liquid to be at first the same as that 
of the interior of the liquid, then the actual surface is always formed by the 
orientation of the least active portion of the molecule toward the vapor phase, 
AND AT ANY SURFACE OR INTERFACE THE CHANGE WHICH OCCURS IS SUCH 
AS TO MAKE THE TRANSITION TO THE ADJACENT PHASE LESS ABRUPT. This 
last statement expresses a general law, of which the adsorption law is only 
a special case. If the molecules are monatomic, and symmetrical, then the 
orientation will consist in a displacement of the electromagnetic fields of the 
atom. This molecular orientation sets up what is commonly called a “double 
electrical layer” at the surfaces of liquids and also of solids. ae 

This law if applied to special cases indicates for a few pure liquids the 
following orientation: In water the hydrogen atoms turn toward the vapor 
phase and the oxygen atoms toward the liquid. With organic paraffin de- 
rivatives the CH, groups turn outward, and the more active groups, such as 
MOs CN ac OOH, COOM, COOR, NH,,.NHCH;, NCS, COR, CHO, 1, 
OH, or groups which contain N, S, O, I, or double or triple bonds, turn 
toward the interior of the liquid. 


~ 
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If any of these organic compounds are dissolved in water, their orienta- 
tion in the water surface is the same as that just given, with the active 
groups inward. ; 

At interfaces between two pure liquids the molecules turn so that their 
like parts come together in conformity with the general law. With solu- 
tions, the solute molecules orient so that the ends of the molecules toward 


). 


to internal molecular heat of 
é 
BY; 


vaporization ( 


Ratio of molecular total surface energy 


0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
—Corresponding tentperature. 


Fic. 14.—Ratio of the total surface energy to the latent heat of vaporization, 
per molecule. 


the liquid A are as much like A as possible, and the ends toward B are as 
much like B as possible. So at interfaces between organic liquids and water, 
for example, the organic radical sets toward the organic liquid, and the polar 
group toward the water. 

2. If at an interface the transition from a liquid A to the liquid B is 
made by a saturated film of solute molecules which we may call A-B, that is, 
they have one end like A and the other like B, then the free surface energy 
is greatly reduced. Tor example, with water and benzene with sodium oleate 
as the solute, the free energy falls as low as 2 ergs per cm’. 
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3. If the solvent is polar, such as water, then solutes will in general be 
positively adsorbed in the surface if they are less polar than water, and the 
least polar end of the molecule will be turned outward. Solutes more polar 
than. water are negatively adsorbed. 


14. MoLecuLar ORIENTATION AS EXHIBITED BY THE RELATION BETWEEN 
THE ENERGY OF SURFACE FORMATION AND THE HEAT OF VAPORIZATION 7 


If a log weighted at one end by iron rests upon the bottom of a pond 
more shallow than the length of the log, the light or wooden end may be 
lifted to the surface of the water while the iron end still rests upon the 


TABLE VI 


Liguips ARRANGED IN THE ORDER OF THE RATIO oF THE ENnercy NEcESSARY TO CARRY A 
MOLECULE INTO THE SuRFACE TO THAT REQUIRED FOR CoMPLETE VAPORIZATION, AND 
PRESUMABLY IN ORDER OF INCREASING SYMMETRY IN THE SURFACE 


(Corresponding Temperature = 0.7) 


uU uU 
Molecule X a 
Class 1 
ieevlethylmalcohols men... s str aemicern see tiles 0.164 0.191 
Ammthvicaleonolmeesinetccmnd a teret Crees 0.186 0.228 
Class 2 
hh, NUP ASS ew! 9h a ay AS ie Re 0.282 0.372 
AMPA CCHCEACIOM aan idee ites e act re cme rei 0.336 0.474 
Classao 
Suet lisa cetatey,..«.asciedaect cima Arenlor 0.397 0.606 
Obe Methyl formateisteucecose see eee reel le 0.402 0.618 
72 .Chilorobenzene pin dtactie. ene an le eee 0.417 0.714 
Sami thyvl wetienabrras pte atlas oct aeitin seca i 0.423 0.667 
Qe CNIZEN ey eae avails ehese ois Golo ciawleks vw ellers 0.441 0.711 
LO Garbonmtetcachionidemc tne accactssece cee. 0.452 0.742 
Class 4 ; 
NUeve Oey SEN gine eres ate eases: ci cs denn aeue sas. suck yeas ats whe 0.497. 0.872 
LQEMIN tro mentrs ste he este cst tee wine tisha s sere ty 0.514 0.927 
Class 5 
PSM VerGuinyals tach lomunets seine tee tee citi e eta aes 0.636 1.41 


bottom. However, if the log is to be lifted entirely out of the water the 
iron or heavy end must be lifted against the force of gravitation. The orienta- 
tion theory supposes that in the processes of surface formation and of vaporiza- 
tion a molecule of the polar-nonpolar type acts in an entirely analogous way, 
since in surface formation it is mainly the nonpolar end which is raised into 
the surface, while in vaporization the polar or electromagnetically heavy end 
must be lifted entirely out of the liquid against the forces of molecular attrac- 
tion. Thus the ratio of the total surface energy (w) to the internal latent 
heat of vaporization 4 should not be very large. If the molecule is symmetrical 
there is no “lighter” end to be lifted into the surface so the surface energy 
should be more nearly of the same magnitude as that of vaporization. Thus 


the theory indicates that the ratio “ should increase with an increase in the 


A 


symmetry of the molecules.* 


Sale ‘ , : ARS ne 

cdTA WY rinvipal difficulty for an analogy between the action of gravitational forces upon t 
earth ae anaes forces, he in the extreme thinness of the layer, known as the surface, inside 
which the forces differ in magnitude. This is of the order of 1 wm (or 10 X 10 cm.) in thickness. 
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As a molecule of the unsymmetrical type that of ethyl alcohol may be 
chosen, while that of carbon tetrachloride may be taken to represent symmetry. 
At a corresponding temperature of 0.7 only 0.19 as much energy 1s needed 
to carry a molecule of alcohol into the surface as to carry it completely. into 
the vapor, while for carbon tetrachloride the corresponding value is 0.45; and 
at a temperature of 0.9, the numbers are 0.4 and 0.7; so in each case the value 
is very much lower for the unsymmetrical molecule, which is exactly what 
the theory predicts. 

As might be expected, as the temperature rises the values for the un- 
symmetrical come closer and closer to those. for the symmetrical molecules, 
since as the temperature rises the increase in the energy of vibration of the 
molecules tends to decrease the extent of the orientation. 

These relations are shown plainly in Fig. 14 and Table VI. 


15. EnNercy oF THERMAL EMISSION 


The energy of thermal emission (7) for a molecule is the mean energy 
transformed in moving it from the surface into the vapor, and is thus the 
heat of vaporization minus the total surface energy, or 


j=u—e 
The value of the fraction 2 is much more sensitive to changes of symmetry 


than that of a Thus at a corresponding temperature of 0.743 the energy of 


thermal emission for ethyl alcohol is four times that of surface formation, 
while for carbon tetrachloride the two have almost equal values. Table VII 
presents the values of y, J, e, 7, and i, with calculated values in parentheses. 
The values calculated for ethyl alcohol from its critical temperature involve 
the assumption that its molecules are symmetrical, which is known to be un- 
true. This table and the discussion which follows it are taken from a paper 
by Harkins and Roberts.’ The unit of energy used in the micri-erg, defined 
asl erg: 


TABLE VII 


MoLecuLAR ENERGY VALUES (IN MIcRI-ERGS) FOR THE VAPORIZATION OF LIQUIDS AT A 
CoRRESPONDING TEMPERATURE EQUAL TO 0.7 


Liquid Te Y 1 e 


y) hy 

t. Non-associated Molecular = © 
INitroweniee ade peee cee 127 1.51 2:33 3.84 4.8 8.7 
OVS en ae Veer nati eee 154.2 2.24 2.26 4.50 6.1 10.8 
Bithvisethenaecr come trae 467.5 40 1GL7/ 15.6 20.9 36.5 
(Ethyl acetate) eee (524) (4.6) (13.7) (18.3) (iD) (46.0) 
Carbon tetrachloride .... 556 4.7 13.5 18.2 22.0 40.2 
Benzene savin cee eee 561.5 48 13.7 18.4 PASS) 41.7 
Chlorobenzenes..- een ee 633 3 15.0 e203 28.5 48.8 
2. Associated 
Wikeaydl Eukeolaell ocho aac 513 2.8 Ow! 8.5 43.1 51.6 
iKthylalcohol Menweeeene 516.1 3.5 Teh 11.2 48.1 59.3 

(4.4) (12'S) a Gl6:9)) (20.4) G73) 


“The data indicate that at a definite corresponding temperature, in the case 
of non-associated liquids whose molecules are symmetrical, the molecular values 
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for the latent heat of surface formation (1), the total surface energy (e), the 
energy of thermal emission (j), and the internal latent heat of vaporization 
(Ai) are nearly proportional to the critical temperatures of the liquids. The 
‘same relation seems to hold for the free surface energy (y) provided the 
temperature range is not too great. Thus the free surface energy of ethyl 
ether at a corresponding temperature of 0.7 is 4.0 as calculated from the value 
of carbon tetrachloride, and 3.9, as calculated from the value for chlorobenzene, 
while the experimental value is 4.0. This statement as applied to the latent 
heat of vaporization alone, is somewhat similar to Trouton’s law, which is 
known to be not entirely exact. Since the principle expressed above is much 
more general in its application, it is to be expected that it will prove to be some- 
what less exact. That the energy values for ether in Table VII are lower than 
those for carbon tetrachloride is related to the lower critical temperature of. 
the ether. 

“2. The effect of a lack of symmetry in the molecule, especially when 
marked, is to lower the molecular free surface energy, latent heat of surface 
formation, and total surface energy, and to increase the energy of thermal 
enussion. The values given in parentheses under those for ethyl alcohol, are 
those calculated from the critical temperature under the assumption of a sym- 
metrical molecule, using the values for carbon tetrachloride as a basis. It is 
evident that the molecular free surface energy, and total surface energy, and 
more markedly the latent heat of surface formation, are considerably lowered 
by the dissymmetry of the molecule. The most striking effect is, however, 
the very great increase in the energy of thermal emission. The symmetry 
referred to in this discussion is that of the electromagnetic forces around the 
molecule, rather than a symmetry with respect to mass. The substitution of 
the slightly polar chlorine atom for hydrogen in benzene gives almost exactly 
the calculated value for a symmetrical molecule except in the case of the 
thermal emission (7), which is considerably increased, since it is the most 
sensitive of all of the quantities to changes of molecular symmetry. Since u 
is decreased, and 7 increased by increasing dissymmetry of the molecule, the 


ratio — serves as a remarkably sensitive index of molecular symmetry. This 


:, varies 


sala» 
aay 
in the same way, but not so greatly. 
“3. According to ‘Stefan’s law’ the ratio of the total energy necessary to 
carry a molecule from the interior of a liquid into the surface to its total 


is illustrated in Table VI. The related ratios, which is equal to 


heat or energy of vaporization (*) is equal to Y%. That this is not the case 
is easily seen by a reference to Table VII, and Fig. 14. Not only is this an 
increasing function with increasing symmetry of the molecule, but also with 
increasing corresponding temperature. Its value seems to approach unity 
as the corresponding temperature approaches unity. Thus a molecule in the 
surface at a high corresponding temperature is, in terms of relative energy, 
very much more nearly in the vapor phase than when the corresponding tem- 
perature is low. ; 

“A The relations discussed in Paragraphs 1 and 2 above are just those 
indicated by the theory that molecules in the surface are oriented, the orienta- 
tion increasing with increasing dissymmetry, and decreasing with increasing 
thermal agitation of the molecules. ‘The effect of thermal agitation is illus- 


226 COLLOID CHEMISTRY 


trated in the case of the alcohols; compounds of the polar-nonpolar type. 
Fig. 15 indicates that for these compounds the molecular surface energy in- 
creases with the temperature. The effect of increased agitation 1s partly to 
overcome the orientation and to throw the more polar groups into the outer 
surface, thus increasing the surface energy.” 

Fig. 15 gives the variation with the temperature of Y, I, w, and 4 for mer- 
cury, water, and ethyl alcohol, and also for six “normal” liquids. The dotted 
lines give j for the alcohol. 


Wey tT 


Reb 4eee 


to 


Micri-ergs 


Micri-ergs 


Fic, 15.—The molecular free surface energy (y), latent heat of surface formation (1), 
total surface energy (e), latent heat of thermal emission of a molecule (7), and the 
internal latent heat of vaporization (A). Where 7 is not given it may be obtained 
from the difference in height between the curves for e and for I. 


16. THe Spreapinec or Liguips (‘““Werrinc Power”) 
INTRODUCTION 


The spreading of liquids upon other liquids and the “wetting” of solids, 
are phenomena of great natural and industrial importance. The wetting of 
soils is fundamental not only to agriculture, but also to the existence of plant 
growth upon the soil. The process of washing with soap or without, in the 
household and in the industries, is also dependent upon wetting. The spread- 
ing of paint upon wood or metal, of tree sprays upon leaves, of a lubricating 
oil over the surfaces to be lubricated, of ink upon writing paper or upon the 
pages of books or newspapers, are all dependent upon this phenomenon. The 
water-proofing of fabrics by the use of aluminum stearate or other similar 
compounds depends upon the prevention of wetting. It is difficult for petro- 
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leum to penetrate sand impregnated with water, and “dry” wells, that is, those 
which no longer produce oil are often the result of the replacement of oil 
in the sand by water. 


The process of mineral flotation, now used upon about 70 million tons 
of ore annually is dependent upon preferential wetting for its success. By its 
use sulfide ores may be separated from quartz or other gangue, lead and ‘zinc 
sulfides may be separated from each other and from copper sulfide, bitumen 
from rock, coal from mineral matter, etc.. 

These facts incited Harkins and Feldman to a study of the scientific basis 
of this phenomenon, and a discussion of their work is presented in the para- 
graphs which follow. 


Theories of Spreading. 


_ Three different views of the criterion of spreading have been expressed in the 
literature. These are listed below. 

1. All liquids spread on a pure surface. 

2. A liquid b will spread on a liquid a if Tg > Ty + Tgp, where Tgp represents the interfacial 
tension between the two liquids, and Tg and Ty», the respective surface tensions. The condition for 
non-spreading is Tg < Ty + Tgp. 

8. Liquids whose molecules are polar or contain polar groups, spread on water. 

Tn addition to these a fourth view has been developed in this Laboratory. 


4, A liquid will spread if its work of surface cohesion Wg is less, and will not spread if its 
work of surface cohesion is greater, than its wotk of adhesion V4 with respect to the surface of the 
liquid or solid upon which the spreading is to occur. The spreading coefficient, which under the 
conditions hereafter specified gives a measure of the tendency to spread, is defined as 


S=Wsi—We 


The Neumann Triangle of Forces. 


The second method of specifying the conditions for spreading, as listed above, was 
derived very early from a consideration of the Neumann triangle of forces. This assumes 
the surface tension of the under liquid to be pulling in one direction, and the surface 
tension of the upper liquid, together with that of the interface, to be pulling in the other 
direction. Motion of the edge of the drop takes place in the direction of the greater 
pull. Hardy, in his important work on composite surfaces, gives evidence for this idea 
as based on measurements with carbon tetrachloride, a paraffin oil, cyclohexane, and 
carbon disulfide. 

Opposition to this point of view has been expressed by many workers in this field: 
Quincke,? Margaroni,? Worthington,* Rayleigh,* and others. 


The Spreading Coefficient. 


It would seem that the criterion for spreading might be expressed in a way much 
more easily justified theoretically if it could be developed entirely from the thermody- 
namics of surfaces. When a drop of liquid is placed upon the surface of another liquid 
a spreading may occur. If it does, the surface of the liquid a disappears, while its 
place is taken by substantially an equal area of the surface b plus an equal area of the 
interface ab, provided the surface of b and the interface ab do not lose their identity. 
If they do, then only one composite surface c takes the place of the surface a. _ 

The spreading coefficient may be developed by thermodynamic reasoning, provided the 
former of the two hypotheses of the preceding paragraph is used as a basis. Since 
only large scale motion is of importance in spreading, only the free surface energies are 
involved. The free energy decrease S which occurs in spreading is obviously by the 


expression 

S=ya— (yo + Yad) (1) 
where yap represents the free energy of the surface or interface. The work of adhesion 
Wa, or the work necessary to pull apart the 1 sq. cm. of the interface ab, is given by 
the equation of Dupré as 
Wa= a+ Yu — Yad (2) 


since all that occurs is the disappearance of the surfaces a and b and the appearance 
of the interface ab. The work of cohesion is that necessary to create inside a liquid 


228 COLLOID CHEMISTRY 


an area equal to 2 sq. cm., or more specifically to break apart a bar of liquid 1 sq. cm. 
in area in such a way as to give two surfaces, each 1 sq. cm. in area, and is given as 


Weo=2yd (3) 


S=Wasa—We 


which exhibits the extremely simple relation that spreading occurs if the adhesion 
between the 2 liquids is greater than the cohesion in the liquid which is in the position 
for spreading, while spreading does not occur if the cohesion is greater than the 
adhesion. It is obvious that a positive value of the spreading coefficient corresponds to 
spreading, a negative to non-spreading. It is also evident that because the liquid b 
spreads upon a, it is not at all a necessary conclusion that a spreads upon Db. Thus the 
spreading coefficient is given above for the case where a is the liquid whose surface is 
already formed. The coefficient for a to spread upon b is S=ys— (Ya + Yad) so a 
high surface energy for the liquid a acts in favor of spreading when a is the lower 
liquid, and against spreading when b is the lower liquid. Corresponding with this it 1s 
found that almost all organic liquids spread upon water, while water spreads upon very 
few organic liquids. 


A combination of 1, 2, and 3, gives 


Definition of the Term “Film.” 


A definition of the term “film” which is suited to characterize films which exist upon 
liquids and solids, does not seem to have been given in any previous publication. A film 
_ exists wherever a layer, which has a different composition from the body of the liquid 
or solid, is present at the boundary surface, provided the area and form of this layer 
are independent of the gravitational forces acting. Whenever the area and the form 
of the layer depend upon both the surface and the gravitational forces, a lens e-ists. 
If the area and the form of the layer are determined primarily by the containing vessel, 
the phase may be said to be present in bulk. 

Films may be said to be non-composite and composite. In a non-composite film the 
total surface energy is additive in that it is equal to the value of the interfacial energy 
when both phases are present in bulk, plus the value of the surface energy which film- 
forming material possesses when it exists in bulk in equilibrium with the phase upon 
which the film rests. In a composite film the total surface energy is less than this— 
so films may be very different in their degree of compositeness. 

Since the distinction between a film and a lens, as given in the last paragraph, may 
not seem to be sufficiently definite, it will be given below in a slightly different form. 
The layer of liquid at a phase boundary may be considered to constitute a film whenever 
the gravitational forces which tend to change its form or area are inappreciable in com- 
parison with the surface forces which are active. 

The coefficients of spreading listed in Table VIII apply only to the spreading of the 
pure liquid upon an entirely clean water surface. If the surface of the water is impure, 
then the surface tension of the water, which occurs as a positive term in the spreading 
coefficient equation, is lowered, so the coefficient which should be used in this case has 
a lower value than the one given. Thus it has in no case been found that a pure liquid 
with a negative coefficient will spread, but it is often found in rough experiments that 
a liquid with a positive coefficient will not spread, due to the presence of a slight impurity 
on the surface of the water. As, organic liquids also, even when purified with great 
care, often differ slightly in their purity, the spreading coefficient relative to water should 
be determined by the use of a part of the same sample of liquid as was used in the 
spreading experiments. This was not done in the one exceptional case mentioned above, 
that of carbon tetrachloride, which has a very low positive coefficient relative to water 
of 1.06 dynes per cm., as determined by Harkins and Cheng. Unfortunately the liquid 
used in the determination of the coefficient was not available. It was found that, when 
the purest carbon tetrachloride which could be easily produced was put on a pure water 
surface, spreading did not occur. The spreading coefficient for this liquid has such a 
low value that it might be easily in error enough to account for such an exceptional 
result. Octane, with a still lower coefficient of only 0.22 dynes per cm., spread readily, 
while as stated above no liquid with a negative coefficient was found to spread. 
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THE SPREADING COEFFICIENT OF OrcANIC Lrqguips oN WATER* AT 20° 


Substance 


Ethyl alcohol 
Methyl! alcohol 
Propyl alcohol 
Dipropylamine 
Butyl alcohol 
Iso-butyl alcohol 
Propionic acid 
Butyric acid 

Ethyl ether 

Acetic acid 
Acetonitrile 
Iso-amyl alcohol 
Tso-valeric acid 
Methyl ketone 
Di-isobutyl amine 
Methylbutyl ketone 
Sym-octyl alcohol 
Heptylic acid 
Methylhexyl carbinol 
N-octyl alcohol 
Formic acid 
Butyronitrile 
Iso-amyl chloride 
Ethylpropyl ketone 
Ethyl carbonate 
Iso-valeronitrile 
Heptaldehyde 
Undecylenic acid (at 25°) 
Methylhexyl ketone 
Ethyl iso-valerate 
Monochloro-acetone 
Tert-butyl chloride 
Asym-dichloro-acetone 
Tso-butyl chloride 
Nitromethane 
Ethyl capronate 
Mercaptan 

Oleic acid 

Iso-amyl butyrate 
Aniline 

Heptine 

Ethyl nonylate 
Trimethylethylene 


Methylene chloride 
Ethyl bromide 
Benzaldehyde 
Iso-amyl nitrate 
Chloroform 
Anisole 

Phenetole 


A. Spreading Liquids 


Formula 


C2_H;OH 

CH;30H 

C;H;,OH 

(CsH;)2NH 
4Hy»OH 

(CHs)»CHCH,OH 

C-H;COOH 


(CH:)2»CHCH:.CH20H 
(CHs)2(CH2) COOH 
(CHs)2CO 
((CHs)sCHCH:)»NH 
CH:sCOCH.2CH.2CH:2CHs 
CHsOHC.Hi2 
CH;(CH:);COOH 
CEE CHO ( CH:) sCH; 
st1OH 
HEOOE 
CH:(CHz2)2CN 
(CHs)2CHCH:2CH.Cl 
CHsCH2CO (CH:2)2CHs 
(C2H;O). =C=O 
(CH:)»CHCH2CN 
CH:(CH2),CHO 
CoHaCOOH 
CH;CO (CH2)sCHs 
(CH;)-CHCH.COOC:Hs 
CH.CICOCHs 
(CHs)sCCl 
CHCl1,COCHs 
(CH:) 2CHCH2C1 


CHsNOz 

CH; (CH:)4«COOC:Hs 
C.H;SH 

Cr7Has COOH 


(CHs)2CHCOO(CH:)2CH(CHs). 


CcHsN Hz 
CH:(CH:).C: CH 
CHs(CH:2);COOC2Hs 
CHs H 


CHs CHs 


C.HsCHO 
CsHisNOs 
CHCl; 
CoHsOCHs 
CeHsOC2Hs 


*The values of Wo from which the spreading coefficient were calculated relate to the pure dry 
organic liquids, but the latter in spreading become saturated with water, therefore still more (exact 
information in regard to spreading would be given if We were determined by the use of liquids 


saturated with water. 
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TABLE VIII—Continued oie 

Substance Formula Wa—We 
b-Cymene C.H4CH3CsHz 10.10 
i eeeatane (CHs)2CHCH2CHs 9.44 
Benzene CoHe 8.94 
o-Xylene CeH.(CHs) 2 6.85 
Toluene CsHsCHs 6.84 
“Higher” paraffin 6.72 
p-Xylene CeHi(CHs)» 6.70 
Tetrachloro-ethane 6.44 
m-Xylene CceHs(CHs) 2 6.19 
Ethyl benzene, mesitylene CeHs(CHs)s 5.59 
Trichloro-ethylene 5.09 
o-Nitrotoluene CsH.CHsNO:; 4.15 
m-Nitrotoluene 4.13 
Nitrobenzene CsH;NO2 3.76 
Di-iso-amyl (decane) (CHs)2CH(CH:)4,CH(CHs): 3.76 
Hexane CoH 3.41 
Chlorobenzene C.H;Cl Ml 
B,6’-dichloro-ethyl sulfide (CICH:CH:2)2S 1.62 
Pentachloro-ethane 0.67 
Octane CeHis 0.22 
B. Liquids which Form Lenses on Water 

Carbon tetrachloride 1.06( ?) 
p-Bromotoluene CsHsBrCHs — 1.29(30°) 
Ethylene dibromide C.H.Bre — 3.19 
Monobromobenzene CsHsBr — 3.29 
o-Monobromotoluene C.H.CHsBr — 420 
Perchloro-ethylene C.Ch — 6.42 
Carbon disulfide CS2 — 6.94 
Phenyl’ mustard oil CeHsNCS — 7.68 
Monoiodobenzene C.Hs1 — 8.74 
Bromoform CHBrs — 9.58 
o-Monochloro-naphthalene CiH,Cl 5 Wye 
Tribromohydrin CH:.BrCHBrCH2Br — 11.06 
“Stanolax” — 13.44 
Liquid petrolatum, Squibb’s = 13:64 
a-Monobromo-naphthalene CrHBr == 1326 
Acetylene tetrabromide C.H2Brs — 15.64 
Methylene iodide CHal, — 26.46 
Diphenyl methane (CoHs)2CHa 
Diphenyl dichloromethane (CoHs)2CCh 
Tribromo-ethylene CaHBrs 
p-Bromotoluene at 30° — 1.29 


Spreading as Related to the Presence of Polar Groups in the Molecule. 


The 71 liquids listed in the first section of Table VIII were found by careful experi- 
ment to spread on the surface of pure water. These 71 liquids include hexane, octane, a 
higher paraffin, benzene, tso-pentane, toluene, p- and m-xylene, decane (di-iso-amyl), 
ethyl benzene, chlorobenzene, iso-butyl chloride, tert-butyl chloride, iso-amyl chloride; a 
sufficient list to prove that the presence of a polar group is not essential for spreading. 

One of the principal effects of the presence of a polar group is, as has been shown 
frequently by Harkins and his co-workers, to increase the work of adhesion (Wu). 
Since when a very polar group, such as —OH, —COOH, —CONH, — CHO, — CN, 
— CONH,, etc., is present, W4 is very high, the term We in the equation, S=Wa — 
Wc, is never large enough to give a negative value of the spreading coefficient. Never- 
theless, when the work of adhesion toward water is small, the liquid may still spread 
if Wo is still smaller. Thus hexane, for which the value of Wau is very small (40.23 
ergs), spreads, since Wc is extremely small (36.86), and the value of § is 3.37. The 
work of cohesion in octyl alcohol is nearly 20 ergs greater, so octyl alcohol is able to 
spread only because W4 is also greater (by the remarkably great value Sie/ lsat 


i ii i 


~has been shown by Hardy 
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that for hexane. This illustrates the fact that the extremely great effect of the presence 
of a polar group in producing spreading is due to the fact that in general it increases 
the work of adhesion toward water very much more than it increases the work of 


_ cohesion. 


Effect of Impurities on Spreading. 


That impurities on the surface prevent spreading has been pointed out by many 
investigators; that active impurities in a non-spreading liquid, may cause it to spread, 
* and others. A simple and beautiful experiment illustrates 
the latter effect. A large lens of “Liquid Petrolatum, Squibb’—presumably any other 
oil with a high negative coefficient would give similar effects—is formed in the middle 
of the surface of a sheet of water in a large tray. A drop of oleic acid is then placed 
upon the center of this lens. After a short period, considerable movement is noticed 
adjacent to this point and then, very suddenly, the lens is broken up into a great number 
of fragments which seem to be projected with almost explosive violence toward the 
edges of the tray. If the oleic acid is mixed with the oil before it is put on the surface, 
the material separates into a large number of minute drops, separated by a thin film, 
the drops moving constantly on the surface. The thin film evidently contains a con- 
siderable proportion of oleic acid. 


Experiments on Camphorated Water. 


The underlying idea of these experiments was to see to what extent spreading liquids 
could be made to stay in the form of lenses on water containing a substance in solution 
which lowers its surface tension. A lowering of the surface tension of water may 
affect the work of adhesion, Wa = yuo + Yriq — Yi, in two ways: (1) by decreasing 
Yu.0; (2) by changing yi. The direction and magnitude of this last effect is difficult 
to predict. It was not determined experimentally, because in determining the interfacial 
tension of an organic liquid against a saturated solution of camphor, the camphor is so 
largely extracted by the organic phase. Judging from the spreading experiments, it 
seems that the effect of camphor on the work of adhesion consists chiefly in lowering 
the surface tension of water. 

A saturated solution of camphor in water was made up, and its surface tension 
determined by the drop-weight method. The result varied somewhat between the limits 
51.1 and. 52.0; the lowering of the surface tension of the water is thus 21 ergs per cm. 

Spreading experiments were made on this camphorated water following the same 
technique with respect to dusting and sweeping the surface, as was used with pure 
water. It was found that the following liquids did not spread on camphorated water: 
benzene, toluene, the 3 xylenes, mesitylene, nitrotoluene, chlorobenzene, anisole and ben- 
zaldehyde, whereas all of them spread on pure water. 

The last 2 liquids are particularly interesting, since both contain polar groups having 
a high attraction for water. The spreading coefficient of benzaldehyde is given in the 
table as 17.25; this makes it probable that the main effect of camphor on the work of 
adhesion is in lowering the surface tension of water. It was also found that dimethyl- 
aniline, a substance with a polar group, did not spread on camphorated water. Nitro- 
methane spreads on camphorated water as one would expect from the magnitude of its 
spreading coefficient on pure water, 26.32. The behavior of organic liquids on the sur- 
faces of aqueous solutions is a subject of considerable interest and deserves further study. 


Experiments on Mercury Surfaces. 


A recent paper from this Laboratory” ” gave a table of results of interfacial meas- 
urements on systems made up of mercury in contact with organic liquids. The column 
marked S or W1—We shows that the spreading coefficient is positive in all cases. It 
was, therefore, inferred that all these liquids should spread on a perfectly clean mercury 
surface. 

Spreading experiments were made to test this hypothesis. The following liquids were 
tried and found to spread on mercury: (1) acetone, (2) hexane, (3) ethyl ether, (4) 
octane, (5) propyl alcohol, (6) nitro-ethane, (7) ethyl alcohol, (8) carbon tetrachloride, 
(9) toluene, (10) benzene, (11) o-xylene, (12) m-xylene, (13) p-xylene, (14) chloro- 
form, (15) octyl alcohol, (16) nitrobenzene, (17) aniline, (18) water, (19) oleic acid, 
(20) ethylene bromide, (21) methyl iodide, (22) acetylene tetrabromide. ; 

There are several interesting phenomena to note in connection with these experi- 
ments; liquids which do not spread on water, such as carbon tetrachloride, ethylene 
dibromide or acetylene tetrabromide, nevertheless spread on mercury. 
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In the case of water, Rayleigh’s technique was followed:™ mercury was distilled in 
a vacuum in an all-glass apparatus. A Drechsel wash-bottle attached as a receiver was 
later cut off from the distilling train, and the mercury used for the experiments siphoned 
from under the surface. This resulted, as described by Rayleigh, in an exceptionally 
clean mercury surface. Whether water will spread on such a surface or not depends 
further on the quality of the water used in the experiments. “The quality of the water 
is probably responsible for the variable success which Rayleigh had with this experi- 
ment. Water spread on mercury may be found after a time gathered into a lens, which 
effect is probably caused by a contamination picked up by the mercury surface. 

This experiment was formerly considered of great significance, since it was thought 
that this was representative of all cases of non-spreading liquids ; their non-spreading 
on water, for example being supposed to be caused by the impure surface of the water. 
A consideration of the table quoted above shows, however, that if the spreading coeff- 
cient is a true criterion of spreading or non-spreading, water should spread on a mercury 
surface. Now water, of all liquids studied by Harkins, Ewing and Grafton, has the 
lowest spreading coefficient, so it is readily understood why great precautions must be 
taken in using both a clean mercury surface and pure water. Since a mercury surface 
is easily contaminated, the value of the spreading coefficient of water on an impure 
mercury surface can readily become negative and as a result water easily forms lens 
on a mercury surface. The conclusion is, therefore, that the behavior of mercury 
towards water represents nothing exceptional. 

The same method of siphoning the mercury from under the surface was used not 
only for the experiments with water but also with the organic liquids. A few cubic 
centimeters of mercury which had been in the delivery tube and had perhaps adsorbed 
gases, was discarded in every experiment. The spreading of these liquids on mercury 
always takes place much more slowly than the spreading of the same liquid on water, 
even although the spreading coefficient is usually much higher in the former case. 
This illustrates the fact so well known with respect to other phenomena, that the free 
energy of a change and its speed are by no means proportional to each other. 


The Non-spreading of Water on Organic Liquids. 


While most organic liquids spread on water and have a positive spreading coefficient, 
the value of the latter is always negative, at least in every case thus far investigated. 
Thus it is to be expected that water will in no case spread upon the surface of any 
organic liquid when the two are mutually insoluble. It has already been seen that the 
spreading coefficients given in the table are calculated from data obtained from the pure 
liquids, and are not strictly applicable unless this condition is met by the lower phase 
and the film. 

Corresponding with this, water was found to spread upon only 1 of the 18 organic 

liquids investigated, and this one, acetone, is miscible with water. 
_ The form of the lenses produced by organic liquids on water has not been treated 
in this paper, since Coghill and Anderson have made a study of this subject. The 
general form of the drops of water which float on the surface of an organic liquid is 
very different, and does not seem to have been described. ; 

A non-spreading organic liquid will form a lens on water, though sometimes only a 
very small one if the spreading coefficient has a low numerical value. This lens will 
always float if it is not too large, since it is upheld by the vertical component of the 
surface tension of the water at the line of contact. The floating of the lens depends 
upon the important fact that in no case does the water spread over the surface of the 
lens. If it did so, then the vertical component of the surface tension of the water would 
pull the lens downward instead of upward, and it would sink if its density were greater 
than that of water. 

If we now consider what occurs when a drop of water is placed upon the surface of 
an organic liquid with which it is not miscible, it will be seen that since most organic 
liquids spread on the surface of water, the usual behavior is that described in the follow- 
ing sentences. The organic liquid spreads as a film over the drop of water, and the 
latter then sinks if it is heavier than the former, but, if it is lighter, foats as a practically 
spherical lens or a globule such as is illustrated in Fig. 30. The surface of the organic 
liquid rises as it approaches such a floating lens, while the surface of water always falls 
as it approaches a floating lens consisting of an organic liquid. 

The phenomena which accompany the floating of a lens of water upon the surface 
of a non-spreading organic liquid should be similar to those which occur when a lens 
consisting of an organic substance floats upon water, but with this important difference: 
the surface tension of an organic liquid is so small in general that only a very small 
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lens of water can be supported, provided the density of the latter is cousiderably greater 
than that of the organic liquid. 

The non-spreading of water upon insoluble organic liquids is in good accord with 
the spreading coefficient relation. 


The Spreading of Films on Solids. 


Since the free surface energy of almost all inorganic solids is high, their work of 
cohesion is high, and the work of adhesion is also high with reference to practically all 
liquid substances. Since the work of cohesion in water and organic liquids is in general 
low, the values of the coefficient of spreading of these liquids upon such solids should 
~ be positive, and in general their values should be high. Thus the spreading of these 
liquids should occur upon such solids when their surfaces are pure. The frequently 
occurring phenomenon of non-spreading is thus indicated to be due to the presence of 
an already existent film upon the solid substance. The removal of such films may be 
brought about by vaporization, or by the more common process of substituting one film 
_ for another. This is the ordinary function of soap, soap solutions, and other cleansing 
agents. 


17. MoNnoMoLecuLaR Fitms AND MoLEcULAR ORIENTATION 


That certain liquids spread out into a film one molecule thick on the sur- 
face of water was indicated by Rayleigh ** in 1899, and more definitely by 
Devaux,”* who began his researches on this subject in 1903. In 1891 Miss 
A. Pockels ** showed that if a very small amount of olive oil is put upon the 
surface of water in a trough, and the film compressed by movable barriers, 
the surface tension begins to decrease rapidly after a certain definite area per 
unit mass of liquid is attained. Rayleigh used this method and determined 
the surface tension of the film by the force necessary to pull a round plate 
from the surface. . 

He found that the minimum thickness of a film of castor oil which affects 
the surface tension of water is 13 & 10° cm., and from this reached the fol- 
lowing conclusion (1899): “We conclude that the first drop in tension 
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THickness A.U. 
Fic. 16.—Surface tension (y) of water plus a surface film of castor oil. The com- 
pression (73-y) given by the figure inverted is more commonly plotted’ than the 
surface tension. 


corresponds to a film one molecule thick.” His results obtained with a film 
of ricinoleic acid, are represented in Fig. 16, and Table IX. 
The force of compression is the difference between the surface tension 
of the film and that of pure water, and represents the force which must be 
exerted upon a float between the two in order to keep it at rest. Above a 
thickness of 80 & 10-8 cm. the surface tension is constant, that is, this is what 
is defined as a “saturated film.” Rayleigh believed that at C, or a thickness 
of 50 10-8 cm., the film has increased to 2 molecules in thickness, but 
Devaux, who studied such films more extensively, considered that the lower- 
ing of the surface tension (increase of compressional force) is due to the 
closer packing of the molecules in the monomolecular film, which is the view 
has el ts used the method of Pockels and Rayleigh to determine the 
relations for a considerable number of pure acids and alcohols. However, 
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TABLE IX 
TyprcaL ‘EXPERIMENT BY RAYLEIGH (1899) Uvon MonomoLecuLAR FILMS 
i Force of 
rea ae Surface Tension Compression 
OOO Meares mons, oot atelors) az holiest ss erereiekenara 73.0 0.0 
TOS Aa hy dows cule aie ig tate ae ree 73.0 0.0 
LAs reakyt,.. canttoneta sh ctancts Tots Mveeler eons ko ne eters Ws 0.5 
TS iSidca. woecks Sie eee terete Oel as aye tertonatees 71.6 1.4 
1S Ae Me 8 Qaneirince hbitri Ciomh oto 70.7 Zs 
17-Ora rep sths, santa Mento ekiei Het Rel he Cee 68.6 4.4 
LZiB tae era hid See ide Sead aoe One chet os 66.4 6.6 
TSA ts sce Rarraeaeankte doc camlastutnee. 62.0 11.0 
oO Mie ARMA nie lac rtoierta oe < 57:5 15.5 
QOS thas: no eles ik, Tone REE Oe oe 52.6 20.4 
FAROE SR iol hs et aes MEE a POR ASR ED 44.2 28.8 
ZOL Eee Sarah cM ch eT Sais oterets 35.4 37.6 
SOA Sat tannoton actat eee oem eae 31.0 42.0 
ASS Partie ote turtneneicterreae lece aera 26.6 46.4 
GR h/t a ee tetra eke itr at ase bite cnnes oC 5 24.4 48.6 
(237i een arc ehh oa Re rie itn aca Op 23.0 50.0 


instead of measuring the surface tension by their method, he determined the 
force upon a horizontal float between the film and the surface of the water. 
The most interesting feature of his results is that exhibited if it is assumed 
that the film is monomolecular. The area per molecule in a film of palmitic 
acid was found to be 21 Angstrom units of area (1 A. U.2=107* cm.?). 
With cerotic acid, which has 26 instead of 16 carbon atoms, this area is only 
increased slightly to 25 A. U.,? while for myricyl alcohol, with 30 carbon atoms, 
it is 27. The area for tristearin, with three hydrocarbon chains of 19 carbon 
atoms each, is 66, or practically three times that for the corresponding acid. 
These facts are very simple evidence for the orientation of such molecules in 
films on water, but they give absolutely no indication as to whether the polar 
group is turned toward or away from the water. 

Langmuir’s method of measurement has been adopted and somewhat im- 
proved by N. K. Adam,” who has obtained a large number of results by its 
use. Harkins and Morgan ** have also used the method for measurements 
upon derivatives of benzol, and for the investigation of films more than one 
molecule thick. 

Fig, 17 represents Adam’s work on palmitic acid at room temperature. 
The water used for the experiment is put into a shallow rectangular trough, 
made of brass 1 cm. thick, about 20 cm. wide, 60 cm. long, and 3 cm. deep. 
The edges are made plain in a milling machine. The trough is paraffined, 
which makes it possible to raise the water surface several millimeters above 
the edges of the trough. This surface is first swept clean by the use of glass 
strips, about 30 cm. long, which are paraffined. After this sweeping, a 
paraffined metal float, suspended from the beam of a balance is put across 
the water surface near one end of the trough, and a glass strip across the 
other end. A known mass of the palmitic acid or other substance to be used 
in the experiment, is put on the surface between this strip and the float. It 
is usually applied in the form of a dilute solution in benzol. The benzol aids 
in the spreading and evaporates rapidly. To prevent the film from passing 
around the ends of the float a minute jet of air is directed upon the surface 
at each end. This is delivered from a glass tip. 

If the amount of palmitic acid applied is not too large, it is found that the 


ee 
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float is not moved by the film. The next procedure is to move the glass strip 
closer and closer to the float, thus compressing the film. For a considerable 
distance the force exerted is usually too small to be detected by the balance. 
In experiment I, Fig. 17, the balance showed no effect until the area per mole- 
cule had been reduced to a little over 22 Angstrom units. Then it was neces- 
sary to add weights to the balance in order to keep the float in place. Above 
5 dynes per cm. compression the area decreases as a linear function of the 
compression until the point H is reached. Here the compression rises no 
longer, but the film “buckles” or crumples. Visible ridges appear, running as 
curved lines from one side of the trough to the other. The water on which 
this experiment was carried out had a small amount of impurity on its surface 
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Fic. 17.—Areas per molecule of palmitic acid in its monomolecular films on water. 
At Q a force of compression is first noticed as the area per molecule is decreased, 
that is as the film is compressed. The film collapses at H at a compressive force 
which depends upon the experiment. The effect varies with the hydrogen ion con- 
centration in the water and other factors. 

When allowance is made for this “residual contamination,” curve JJ is given. 
Extrapolation to the axis of area gives 21 Angstrom units as the area of the 
non-compressed condensed film, Actually the compression begins to rise at 
an area of about 22, since at low compressions it is slightly “expanded.” Such 
expanded films will be considered later. The lines marked /// represent an 
experiment in which the water was acidified above p,, 5.5. The upper straight 
line is practically at the same position and of the same slope as on neutral 
water, but the lower line has a much smaller slope. Usually the film becomes 
solid at Q, but on acidified water the solidification delays until the steep por- 
tion is reached. ; 

The experiments of Harkins and Morgan on the spreading of thin films on 
water and on salt solutions, are represented by ig. 18a; ‘b, c:> The middle sec- 
tion represents experiments with stearic acid, which at zero compression gives 
an area per molecule of 19.2 A. U. on water. It is of interest that one of the 
two expefiments with water (Nos. 2 and 3) gave a lower straight line of small 
slope, which is totally absent in the other, although the two experiments were 
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carried out under apparently identical conditions. The lower section cuts the 
axis at 21.1 A. U. This value has been supposed to give the cross section of 
the head of the molecule, that is, of the carboxyl group. In most of the work 
this lower section did not appear with stearic or palmitic acid. 

On a concentrated sodium chloride solution (mol fraction X of NaCl= 
0.09) this area is 18.7 and the film is less compressible than on water. On 
calcium chloride (X = 0.1) the area is 21.2 and the film is much more com- 
pressible than on water. On potassium chloride solution the area is 21.9 and 


the film has nearly the same compressibility as on water. For palmitic acid 
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18a.—Average areas per molecule in polymolecular films of phenanthrene and 
triphenyl methyl cyanide, and in monomolecular films of phenanthrol, lauric acid, 
palmitic acid, and stearic acid, on water and on salt solutions. 


on water the area is 20.2, or slightly higher than with stearic acid, but the 
compressibilities are nearly the same. Lauric acid, with 12 carbon atoms gives 
a much more compressible film, but it may be noted that nevertheless the 
relation of area to force of compression is linear. Lauric acid is too soluble 
to permit of the experiments being made upon pure water, so the water was 
made 0.1 M. with hydrochloric acid to repress the ionization of the lauric acid, 
and this solution was saturated with sodium chloride to lower the solubility 
still more. The line cuts the axis at 47.5 A. U., which is plainly much too 
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large to represent the area of the cross section of either the hydrocarbon 
chains or the carboxyl groups. 

Experiments with derivatives of benzol exhibit relations of considerable 
interest. Thus, phenanthrol, with 3 benzol rings, gives an extrapolated area 
of only 23.8 A. U., which is not far from 23.3, the cross section given for a 
single benzol ring by X-ray measurements (the mean thickness of the organic 
part of this film is 13.6 A. U.). The more compressible phenanthrol film 
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Frc. 18b.—Areas per molecule for films of cetyl alcohol, myricyl alcohol, and stearic 
acid on water. 


exhibits an initial area of 36.5 (thickness 8.0 A. U.), that is, in the more 
loosely packed form the molecules exhibit quite a different type of packing. 
Phenanthrene has exactly the same molecule with the exception of the single 
oxygen atom of the hydroxyl group. This compound does not spread to a 
uniform film on water, but the addition of calcium chloride increases the 
spreading coefficient, S (see section 15), and a thick film is formed. At zero 
compression the area per molecule is very small and equal to 5.5 A. U., so the 
film is remarkably thick, since the mean thickness is 93.3 A. U. (of length). 
If this is the case the molecules of phenanthrene must lie in a film at least 
five molecules thick. There is no polar group in phenanthrene other than the 
so-called double bonds between the carbon atoms, and these are only slightly 
polar. The difference between this and the other compounds is exhibited by 
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the fact that the curve of compression shows a considerable departure from 
the linear relation, the force of compression increasing more rapidly than the 
area decreases. At 17.5 dynes compression, a thickness of 148 A. U., and an 
area of 2 A. U. the film collapses. Thus at collapse the film must be at least 
14 molecules thick. 


Stearic acid 
and 
Phenanthrene 
TAKLUTES. 


18.0 185. 19.0 195 200 O 


Fic. 18c.—Areas per molecule for a polymolecular film of dibromoanthracene and of 
di-8 triphenyl ethyl urea on water, on a calcium chloride solution, for a mono- 
molecular film of di-B triphenyl ethyl urea on a calcium chloride solution. Areas 
per molecule in the film for mixtures of stearic acid and myricyl alcohol, and of 
stearic acid and cetyl alcohol in equimolecular proportions. Area per molecule of 
stearic acid in mixtures of stearic acid and phenanthrene. The number of mole- 
cules of phenanthrene per molecule of stearic acid are for the four curves, pro- 
ceeding from left to right: 0.4, 3.7, 6.4, 16.4. Evidently the phenanthrene forms a 
polymolecular film piled above a monomolecular film of stearic acid. The films 
become weaker as the relative content of phenanthrene increases, but the condensed 
films exhibit a linear relation between area per molecule (or per molecule of both 
kinds) of acid and compressive force. 


It is of interest that with phenyl di-biphenylene methyl amine * at zero 
compression, the thickness of the film is 6 A. U. The molecule contains 5 
phenyl groups, and one polar amino group, which may be expected to bury 

* This very large molecule gives a film in which the mean thickness of the organic part (exclud- 


ing water) is the thinnest ever found for a film which obeys Hooke’s law, and therefore possesses 
the characteristics of a condensed film. 
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itself in the water, but the extreme thinness of the film gives a strong sugges- 
tion that here too a part of the very large molecule (area = 113 A. U.) may 
be flat on the surface (or that the molecule may be vertical and surrounded 
by water molecules). The film buckles at a very low compression, a little 
more than 13 dynes, and it is also the most easily compressible of all of the 
films investigated. Although the number of atoms in the molecule (C2:H25N) 
is very considerable, the buckling occurs while the film is still very thin (11 
A. U.). However, with even a vertical orientation the greatest number of 
carbon atoms, one above the other, is nine, which would probably give a film 
of about this thickness. 

Triphenyl methyl cyanide gives an area of 5.15 A. U. at zero compression, 
or a mean thickness of 83 A. U. for the organic part of the film, and collapses 
at a thickness of 139 A. U. and a compression of 13 dynes per cm., or the 
same as that for the compound discussed in the previous paragraph. 

The most interesting feature of the work of Morgan and the writer, as 
described above, is that it gives data on the compressive forces for both the 
thinnest (6 and 8 A. U. thick), and. also the thickest films ever measured. 
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TEMPERATVRE 
Fic. 19.—Effect of temperature upon the molecular area in a palmitic acid film on 
water under a low compressive force (1.4 dynes per cm.). 


These thick films are respectively 53 and 83 A. U. thick at zero compression, 
and 148 and 139 A. U. at the point of buckling. One of these thick films, 
that of triphenylmethyl cyanide, acts like a monomolecular film in the sense 
that the relation between force of compression and area is linear. That is, the 
film obeys Hookes’ law, and therefore acts toward lateral compression as a 
perfectly elastic sheet. In the case of the film of phenanthrene, however, the 
force increases more and more rapidly as the area decreases. That is, it 
appears as if the film is thickening uniformly by molecules sliding up over 
the others. At H the film buckles. That is, it no longer thickens all over, but 
only in certain portions, so the force of compression remains constant. 

Fig. 19 plots the results of Adam upon the effect of a rise of temperature 
from 10° to 50° upon the area of a palmitic acid film at low compression 
(1.4 dynes per cm.). Between 10° and 20° the area is almost exactly constant, 
but above 20° it rises rapidly. The film evaporates in two dimensions, that is, 
the condensed film, which corresponds to a solid or liquid, evaporates into a 
film which acts as a gas in two dimensions. That is, the molecules in the film 
are no longer constantly in contact, but move at high speed, without, however, 
leaving the surface. This phenomenon was discovered by Labrouste and 
explained by Marcelin.** The variation of the area of such films with the com- 
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pression is shown in Fig. 20. It may be noted that these expanded or gaseous 
films exhibit at high temperature and dilution an expansion curve which sug- 
gests some of the isothermals given by an imperfect gas. None of the ex- 
panded films exhibit the linear relation previously discussed. 

Fig. 20 plots data on the surface tension of aqueous solutions of the fatty 
acids of from one to ten carbon atoms per molecule. The values are those of 
Harkins, King, and Clark,?® but Traube,*° Drucker,** Whatmough,®? Szysz- 
kowski,*? and others have made similar determinations, though they have not 
covered quite the entire range in length of the molecules. A knowledge of 
the slope of these curves together with the temperature gives the number ot 
molecules per unit area by the use of the adsorption isotherm of Gibbs.* If 
Fig. 20 is inverted from top to bottom and also turned from left to right, then 
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Fic. 20—Expanded films of myristic acid at temperatures from 3.5° to 32.5°. 


the line now marked 72.8 may be considered as the X-axis, and the curves 
become those of force of compression for films of these acids, but the abscissz 
give the logarithm of the concentration of the solution instead of the area per 
molecule. With acetic and butyric acids the compressive force rises to as 
much as 45 dynes per cm. Tables X and XI collect the data for a number of 
various substances. Values given at 25 dynes compression are obtained by 
surface tension measurements upon the solutions. Langmuir! shows that 
triolein and trielaidin, each with three chains in the molecule, occupy extremely 
large areas of about 123 A. U. per molecule. 


TABLE X 


Areas IN A, U. PER Morecute in Firms or Various Orcanic SupsTaNces (at Apout 
5 Dynes PER Cm. Compression) 


No. C Atoms Normal Acids Alcohol Tso-alcohol 
Re rare eR FOO (Gy lal es 
Csr thcercrcacte oats (50) H 6 ARIE: — 
erected Mamie eo 39 H 7B) AV lip S47 eae 
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Areas below calculated to zero compression where marked A or H and M 


OM as nee 

LG aero mere se 20 A aes 5 

20.3 H and M —— — 

18 W22e = poate! 
Ce ed l 19.6 H and M 

ZO neta eke Fateh ame PA AL es nee: 

Wale) ius (ae att obs pana Aah es Oana amen Deeds ARO ci mets Bead 126 L 

MIC lAl Cin taps hrs wer wonton chastrciaele hotios iets ide eats 120 L 


L—Langmuir. 

A—Adam. 

H—Harkins, King and Clark. 

H and M—Harkins and Morgan. 
T.L—tTraube calculated by Langmuir. 
D—Drucker calculated by King. 


TABLE XI 


AREAS PER MoLECULE OcCUPIED ON A SURFACE BY BENZENE DERIVATIVES 


EXPERIMENTS BY HARKINS AND GRAFTON 
(at about 25 dynes per cm. compression) 


Areas in A.U. 
Penola taicteomire sions seapels ts sceteherore tie ieteinere sors ne 36.6 
Ipyrocatecholm (OGtinO) mare erence aac eit 55.0 
Resorcinole (meta) ie acners st tippers «citer et tener 96.0 
Fiydroduino la (pata) eee sere se asi teciieicre eens (185.0) 
Rv rosallol ais sisietele ste species tascam tela sicte chutes 42.7 


EXPERIMENTS BY HARKINS AND MORGAN 


units. CaCl represents an aqueous solution of the salt.) 


Firms ARRANGED IN ORDER OF INCREASING THICKNESS AT COLLAPSE 


(Monomolecular Films above and Polymolecular below. Dimensions in Angstrom 


' At Zero Force At Collapse © 
Substance of Film bee jAtea Thickness Arca A Thickness 
Phenyl dibiphenyl methyl amine........ aCl i : i 
Pacetiral : cd ere rec esearsl ols CaCl, 36.5 7.0 21.3 12.0 
Sicaime HoOUl osocoe ogo ésgcsondppooguEns H20 19.3 28.5 18.4 30.0 
Symmetrical di-f-triphenyl ethyl urea CaCl 77.5 12.2 68.0 14.0 
(polymolecular on water)...........- H20 28.3 33.4 22.6 42.0 
PoLyMOLECULAR FILMS 

9,10-Dibromo-anthracene .......+-++-+- CaCl, 5.9 47.0 25 111.0 
Triphenyl methyl cyanide...........-.- CaCls BY 70.0 5.0 120.0 
Phenanithtrencm mech ieriitrcieierielei sss. CaCl, 5.6 47.0 2.0 132.0 
Di-p-naphthylamine! =... 0-2... +2 - = H.2O 2.7 125.6 Zao 158.0 
Hexachlorobenzene ........-.++++++-+> CaCl, De 45.0 0.95 248.0 
o-Bromonaphthalene ............+-+-++++ CaCl, 1&5 187.0 0.6 405.0 


Monomolecular Films of Water on Salt Solutions.” 


A salt is much more polar than water, so salt is negatively adsorbed from 
the surface of the aqueous solution ; that is, water is positively adsorbed on the 
surface of a salt solution. The extent of the adsorption of the salt is calcu- 


lated most conveniently by the use of the writer’s modification 


tion of Gibbs: For di-ionic salts 


-_ ae ma | 
M=ORT | O(ac) JT, A. 


64 


of the equa- 
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and for any salt 


Wiles Oy 
A= RT | O(act) |T, A. 


The concentration in mols of salt per 1000 g. of water is given by c, and the 
activity coefficient of the salt by a. 

If it is assumed that the density of the water in the surface film is the 
same as that of water in bulk, and if the concentration of the solution is 
supposed to remain constant until at a distance ¢, from the surface, it falls 
to zero, then this mean thickness, ¢, of the water film is given by the equation 


, 10004 _dy 
VR Da LOO pict Beta 


The thickness of the water film on various salt solutions is given below. 
Thickness of the Water Film on Salt Solutions in 


Mols of Salt Angstrom Units 

per 1000 Grams Lithium. Sodium Calcium 
Water Chloride Chloride Chloride 

0.1 3.54.0 3.5-4.0 4.4 

0.5 3.3 3.4 4.0 

1.0 2.4 Sie 3.8 

3.0 2.0 2.6 2.6 

4.0 — 235 — 

5.0 — 2.30 — 


The cube root of the volume occupied by a molecule of water in liquid 
water at 20° is 3.1 Angstrom units, so the films of water on the above salt 
solutions are evidently monomolecular. The values were obtained by H. M. 
McLaughlin, E. C. Gilbert, R. W. Wampler, and the writer.°* In dilute 
solutions the water film apparently has the same thickness on solutions of 
- lithium and sodium chlorides. In more concentrated solutions the thickness 
is smaller on lithium chloride solutions, but only because the activity of lithium 
chloride is much greater. At least in dilute solutions the water film is thickest 
on calcium chloride solutions. The thickness of the water film decreases with 
the activity (effective concentration) and increases somewhat with an increase 
of charge on the ions provided the activity is not too different. 


18. Tur INFLUENCE oF THIN SURFACE FILMS UPON THE EVAPORATION 
OF WATER 


Recent work by Hedestrand ** indicates that a monomolecular film of oleic 
or palmitic acid upon water does not diminish the rate at which the water 
evaporates into a current of air moving over it. Harkins and Morgan had 
obtained a result in perfect agreement with this, by allowing the evaporation 
to take place into still air. The water vapor was condensed by a metal surface 
at — 20° C., at a distance of 1 cm. This latter method allowed the compres- 
sion to be varied by a movable barrier. These results indicate the mono- 
molecular films contain water as well as the organic substance, and further- 
more that the film is in anything but a static condition. Our results indicate 
that films several molecules thick (5 to 10) lower the rate of evaporation 
slightly. If these experiments had been carried out in a vacuum a considerable 
lowering of the rate of evaporation would have been found as produced by 
the monomolecular film. Such experiments are difficult, but the writer has 
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devised a method for the work, and expects to investigate the problem as soon 
as the small amount of time necessary is available. When air is present 
over the surface nearly every molecule which succeeds in jumping out of 
the surface jumps back in again, but this is not true when the evaporation 
‘into a vacuum takes place. Thus isotopes, such as those of mercury, are 
readily separated by vaporization into a vacuum, but they are not separated 
at all to an appreciable amount by evaporation into air at ordinary pressures. 


Layers of Palmitic and Stearic Acids upon Glass. 


Recent X-ray investigations of thick films of fatty acids upon a glass sur- 
face show that the molecules arrange themselves in layers one molecule thick 
parallel to the surface of the glass. 


19. Surrace TENSION AND Hyprocen Ion CoNCENTRATION 


An active muscle is slightly acid in reaction, and a muscle at rest slightly 
alkaline. This suggests that it may be of some importance to physiology to 
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Fic. 2la.—Effect of the addition of sodium hydroxide upon the surface tension of a 
tenth molar solution of sodium nonylate in water. 


determine the effect of a change of hydrogen ion concentration upon surface 
and interfacial tension. The tension at the interface between “mustard case 
(6-B-dichloroethyl sulfide) and water is 28.36 dynes per cm.®* at 20°. If the 
water is 0.1 molar with respect to hydrochloric acid, this is raised slightly to 
28.90, but if of the same concentration with respect to sodium hydroxide, it 
is reduced very greatly, to 12.78, or 44 per cent of the original value. Bases 
have similar effects when present in the aqueous phase of a number of other 
two component systems with two liquid phases. The interfacial tension be- 
tween water and ethyl oleate is 21.34. If the aqueous phase is made 0.1 
molar with sodium hydroxide, this falls to the extremely low value 0.3 dyne 
per cm. A plot of the interfacial tension against the log, of the OH” ion 
concentration has the form of a typical adsorption curve for a capillary active 
substance. 
The effects of acids and bases are most pronounced when a capillary active 
substance is dissolved in the aqueous phase. Thus the surface tension of 
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water is 72.80 dynes per cm. at 20° and this is reduced to 20.0 as the aqueous 
phase is made 0.1 molar with respect to sodium nonylate.*® If sodium hydrox- 
ide is added the surface tension rises rapidly to 33.4 at 0.001 M. and to 
48.8 at 0.008 M., the concentrations being those of the base. Further addi- 
tions decrease the tension as a linear function of the concentration (Fig. 21a). 

The most varied and interesting effects due to a change in the hydrogen 
ion concentration are produced in systems in which soaps are present as 
solutes (Fig. 21b). Such systems will be considered in connection with the 
discussion of emulsions. The most interesting result obtained is that with 
oleic acid in benzol (0.1 M.), and sodium hydroxide and sodium chloride of 
the same concentration in water, the interfacial tension between the two 
phases drops to about one thousandth of the value for water against benzol 
(35.0), or to 0.04 dynes, the smallest interfacial tension ever determined for 
immiscible phases. Although the two phases are immiscible in the molecular 
sense, they emulsify readily. 

The interesting feature of this work ® is that the chemical energy of union 
between oleic acid and sodium hydroxide seems to aid directly in building up 
the interface, and takes the place of a part of the free interfacial energy. 


TABLE XII 


EFFECTS OF SALTS UPON THE INTERFACIAL TENSION BETWEEN WATER AND OIL WITH A 
Firm or Sopitum OLEATE PropucEeD By CHEMICAL ACTION 


Base or Salt Added to Aqueous Phase 
Surface Tension in Dynes/Sq. Cm. 


NaOH, N NaCl, NV CaCle, N Olive Oil Paraffin Oil 

= 2s = = 40.6 

— — — +0.001 N. Oleic acid in oil 

— — o 24.11 31.05 
0.001 — — Acs; Ue 
0.001 0.15 —— 0.002 a 
0.001 — 0.0015 9.88 9.65 
0.001 0.15 0.0015 6.88 7.48 
0.001 0.30 0.0030 6.36 WW 
0.001 0.45 0.45 6.70 7.36 
0.001 0. 


60 0.0060 Heh 8.20 


20. CrysTAL ForM AND SURFACE ENERGY 


According to Wherry,** angle distortion in crystals, or the development 
of vincinal faces, is often due to the surface or interfacial tension, which tends 
to make a mass of material spherical. “In the case of liquid drops it suc- 
ceeds; but in crystals it cannot go so far.” In the mineral fluorite, for ex- 
ample, the cube is often replaced by a vincinal tetrahexahedron. Since surface 
tension is ever present, the development of such vincinal faces is to be looked 
upon as a normal phenomenon of crystals, and the slopes of these faces as 
being not chance matters, but definite expressions of forces inherent in and 
characteristic of each substance.” Also the etch figures produced upon the 
surface of a crystal by the application of minute amounts of solvents are often 
largely affected by the interfacial energy. 


21. THe O&TERMINATION OF SURFACE AND INTERFACIAL TENSIONS 


Although the determination of the surface tension is fundamentally a 
simple problem, the history of the methods employed for this purpose may 
be best described as a comedy of errors. The errors were of two types: (1) 
in the experimental methods, and (2) either in the fundamental theory or in 
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the theory of the corrections involved. In general if one of these forms of 
error was avoided the other was embraced, so that even in practically all. of 
the best work errors of 3 per cent were made, and in the poorer work the 
error rose to 15 or 20 per cent or even more, and was often especially high 
in the determination of interfacial tension. 

The best general method for use in connection with work on the problems 
of colloids or of physiology, or those of industrial chemistry at ordinary 
temperatures, is the determination by means of the drop weight. It gives 
better results than any other method when used with cheap apparatus and only 
ordinary care. Thus students by the use of an apparatus which costs only 
two dollars quite commonly obtain a value for the surface tension of water 
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Fic. 21b—Effect of the addition of sodium hydroxide and other substances on the 
interfacial tension between benzene and aqueous solutions of a soap. 


during their first half day of work, which is within 0.3 per cent of the best 
value now known. Obviously this is done only by careful and well directed 
work. The criticisms to which this method has been subjected are due to the 
fact that it is often used with entire disregard of its fundamental principles, 
and without the application of certain absolutely essential steps in the calcula- 
tion of the results from the data. -Errors are also due to the use of the 
stalagmometers and dropping pipettes sold by apparatus houses ; instruments 
which have been constructed with entire disregard of most of the conditions 
essential for accurate work. 

The drop weight method has been converted into a method of high pre- 
cision by Harkins and Brown,** who have established extremely simple 
methods of calculation which enable the worker to obtain by its use the results 
which would be given by the capillary height method when used under the 


best conditions. 
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The capillary height method involves on the whole much more careful 
manipulation and measurement for the same precision of results, and is not 
so well suited for general work on interfaces. It has, however, the advantage 
that its theory is the simplest of all known methods. This method has been 
studied critically and given high precision by Richards, Coombs, and Speyers ** 
and Carver at Harvard University, and by Harkins and Brown ** and by 
Young, Gross and Harkins at the University of Chicago. 

The determination of the maximum pressure in a bubble has also the 
advantage of a simple theory, though not so simple as that of the capillary 
height. It has recently been given a considerable degree of precision by the 
work of Sugden,*® though it has not as yet attained quite the high accuracy of 
the two preceding methods for work at ordinary temperatures. It has the 


Fig. 22.—Diagram illustrating the determination of surface tension by the capillary 
height method. 


great disadvantage that it is not applicable to the measurement of interfacial 
tension, nor is it capable of measuring the surface tension of a liquid against 
its own vapor without the presence of a gas. 


22. THe Capittary HeigHTt Metruop 


As an absolute method the determination of surface tension by a measure- 
ment of capillary height depends upon very simple relations made evident by 
Fig. 22. A narrow tube (7) of known constant ; internal diameter dips into 
the liquid in a vessel or tube (V’) so wide that the large meniscus is not raised 
appreciably by capillarity. Then there will be hydrostatic equilibrium between 
the liquid in V and the part of T below the dotted line AB of the figure. 

Provided the gas and vapor around the tube is of negligible density the 
whole weight of the liquid in T above this line must be held up by the surface 
tension of the upper meniscus. Suppose that the liquid wets the wall of the 
glass tube and that the angle of contact between the liquid and the glass is 
zero. Under these circumstances there will be a vertical film of water on 
the glass which exerts a pull along a length equal to the circumference of the 
tube or to 2ar. The pull of a film of this length is f = 2mry and this tension 
supports the liquid in 7. 

The weight of this liquid up to the line CD at the bottom of the meniscus 
is W —=ar*hod where d is the density of the liquid. The total weight sup- 
ported by the surface tension of the liquid is this weight plus that of the upper 
part of the meniscus (W’). Thus the force upward is 
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fu = 2ary (1) 


fa = arhogd + W’ (2) 
_ At equilibrium therefore: f, = fa or 


and that downward 


W’ 
Y= drhogd + 5 = Ihgd + oo (3) 


If the capillary tube has an extremely small internal diameter then WW’ is 
negligible and 


y =trh gd 


If the vapor around the tube 7 has an appreciable density d’, then a part 
of the weight of the liquid is balanced hydrostatically by the vapor, and equa- 
tion (2) becomes me 
fa = 2ur?hog(d — d’) + gu(d—d’) 


in which v is the volume of the meniscus (i.e., of the liquid above the line CD). 
Equation 3 is changed by this density correction to 
; v(d —d’ 
y= irhg(d—a’) + PF) 


1 
qur a 
It is simpler to include the second term of the right hand side in the first term 
by making a correction to the height J such as will give the volume of the 
meniscus when multiplied by ar?._ Thus Poisson showed that for very narrow 
tubes the volume of the liquid of the meniscus is such that it would give a 
cylinder of liquid of the diameter of the tube and with a height nearly equal 


to 5 thus the height h to be used in calculating the surface tension is: 


r ts 
h=hy + 3 — 0.1288 5 
Rayleigh found that for somewhat wider tubes 


3 


Y 5 r? Ve 
h= hy + 3 — 0.1288 5 + 0.1312 5, (4) 


The surface tension is, therefore 
= trhg(d—d’) (5) 


In using the capillary tube method for absolute determinations it is essential 
to observe certain precautions: 

(1) The outer tube should have a large diameter, that is, the lower menis- 
cus should be about 8 cm. or more in diameter and the small capillary should 
not stand at its center, but should be used as a side arm, or be placed very 
near one edge of the large meniscus. , : 

(2) The capillary should be tested carefully for uniformity by the use of 
beads of mercury of various lengths. The diameter may be calculated from 
the difference in weight and length of two beads of mercury, one at least twice 
as long as the other. The centers of both of these beads should lie as nearly 
as possible zt the position to be used for the meniscus of the liquid during a 


measurement of its surface tension. 
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This measurement serves to give the mean diameter of the tube. It has 
been found by Young and Gross that the diameter of a capillary tube selected 
with great care showed a variation of diameter represented somewhat nearly 
by a sine wave of a.wave length of 9 centimeters. In order. to determine 
the diameter of the tube at any point used for a measurement, it is therefore 
essential to determine the variation from the mean at each point by the 
determination of the change in length of a much shorter bead of mercury, 
as it is moved along the tube. . ; 

(3) The capillary should be as nearly circular in cross section as is pos- 
sible, and a correction should be made for its ellipticity. 


Fic. 23—Apparatus for the exact determination of surface tension by the capillary 
height method. 


(4) Great care should be observed in the lighting of and focusing on the 
large meniscus. 

If this is properly done the position of the cathetometer telescope will 
exactly coincide with that obtained by sighting upon a fine point which has 
been lowered exactly to the surface of the liquid by a slow motion. screw. 
Such a point may be set to any required degree of precision. At the moment 
of contact with a clean point a disturbance of the surface around the point 
is easily visible. 

(5) The walls of the capillary should be wet with the liquid as thoroughly 
as possible. Steaming out the capillary with the vapor of the liquid is the best 
known method of insuring good wetting, and evacuating the capillary just 
before filling is helpful. Steaming also gives a high degree of cleanliness. 
The measurement should be taken just after the meniscus has fallen to a posi- 
tion of rest, since with a rising meniscus the contact angle is less apt to be zero. 

The time necessary for the meniscus to fall to rest may be 30 minutes, 
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or even more. With an extremely clean capillary and meniscus the same 
reading should be obtained on a meniscus which has risen to rest as with one 
that has fallen to rest, and the reading often remains constant for days. To 
obtain a clean meniscus the water in the capillary tube should be run up over 
the top of the capillary tube, and this top should be protected by a trap for 
the water which overflows. By the use of the trap the requisite cleanliness 
may be obtained without steaming. 

(6) The difference between the level of the liquid in the large tube or 
-vessel and the meniscus in the capillary may be determined by the use of a 
high grade cathetometer preferably with two telescopes, which has been stand- 
ardized by the use of a millimeter scale ruled on invar and tested by the 
Bureau of Standards or some similar bureau. 

If the level of the large meniscus is determined by focusing the telescope 
of a cathetometer upon it, great care should be taken to focus upon the center 
of the meniscus, and this center should be at least 4 cm. from all points at 
which the meniscus is touched by any object. 

The apparatus used for the absolute determination of the surface tension 
of liquids held two capillary tubes each of uniform bore. Uniformity is of 
extreme importance, but it may be mentioned that this one item in the work 
took the time of two investigators for two months to obtain the two tubes. 
These are set into the apparatus by gold collars above and below in such a 
way that when the level on the apparatus is leveled, the tubes are vertical. 
The glass on the front of the apparatus is optically plane. The differences in 
level are obtained by the use of an accurate cathetometer. Fig. 23 shows the 
capillary height apparatus used by Richards, but with a trap just above the 
capillary. This trap, added by Young and Gross aids greatly in securing a 
pure surface at the meniscus. 


23. CaApiLLARY HericuTr MretHop AT AN INTERFACE 


Interfacial tensions are of extreme importance in connection with colloids. 
The principles involved in making the determinations by the capillary height 
method are no different than those in the preceding section as applied to surface 
tension. The whole difference from the experimental standpoint is that the 
upper liquid must have its upper surface above the upper opening in the 
capillary tube. The method is more delicate than at a surface, since the 
capillary height for a given diameter of capillary may be five to twenty times 
greater. This makes it essential to observe the first precaution listed below: 

1. The diameter of the lower meniscus needs to be even greater for use 
with interfacial than for surface tensions. 

2. In interfacial work the angle of contact is not known to be always zero. 

3. The densities of the liquids must be determined with considerable ac- 
curacy, since it is the difference of density, d —d’, which is used in calcu- 
lating the tension. While this factor is also used for surface tension deter- 
minations, d’ is very small except at high corresponding temperatures, where 
he preceding sentence applies. f 
“f Each of the two fquids is soluble in the other in general, and if equi- 
librium is not attained the density difference is not the same as for equilibrium. 
In some cases the interfacial tension may be affected by the non-equilibrium 
condition. home 

5. The shaking or stirring used to produce equilibrium commonly produces 
a dilute or concentrated emulsion, which may affect the determination, 
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If a cathetometer is available a U tube, joined both above and below, may 
be used for the determination. One arm should be about 12 cm. in diameter, 
and the other of the order of 1 mm. Obviously there must be an opening for 
the admission of the two liquids, and commonly this is placed above the larger 
tube. Such an apparatus may be evacuated, and with a smaller capillary 
diameter is also available for work on surface tension, and has been used for 
this purpose by Richards and Coombs. 


Fic. 24b. 


Fic. 24a and b.—Stand, and holder with graduated scales, for supporting sharp point 
and capillary tube. 


Harkins and Humphery *° have designed an apparatus for work on inter- 
facial tension without the use of a cathetometer, which gives results to the 
highest degree of accuracy. 

Fig. 24a shows the base of the tube and scale holder, which make certain 
their vertical position. Fig. 24b shows the scale with two movable verniers 
one for reading the height of the tube and one for reading the height of a 
sharp point of platinum. In Fig. 25, the large meniscus, which should have 
a diameter as great as 12 cm., is in C. The capillary is put at the extreme 
right of the tube MH, and the long platinum point is inserted in the tube NV 
which is exactly at the center of the top of the bulb C. It may be noted that 
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to correspond with the position of the scale of Fig. 24b, the position of this 
tube should be the mirror image of that given. The capillary tube is held in 
a gold plated or platinum rod bored out at the bottom to exactly fit the upper 
part of the tube. The gold plated rod is held in the supports DD and against 
the stop E. Just above the top of the capillary the metal rod has openings 
larger than the inside bore of the capillary, which lead into the space just above 
its opening. The outside of the glass capillary carries a very fine graduation 
where the meniscus is to be observed. The two verniers are adjusted and read 


Fro. 25.—Vessel for holding two liquids whose interfacial tension is determined. 


while this graduation is just level with the platinum point. The tube of Fig. 
25 is then put in place, and the tube raised until the graduation comes exactly 
at the small meniscus. Then the platinum point is lowered until it just touches 
its bright mirror image in the large interface. The moment the two touch 
the interface gives a slight jump upward around the point, which should not 
be moved further. This adjustment is extremely exact, and the apparatus 
will determine the interfacial tension as accurately as is obtained by the best 
methods for surface tension. ‘ Paty, 
There are, however, several errors which affect determinations of inter- 
facial tension much more than surface tension, but these are independent of 


the apparatus. 
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23. Tur ANGLE OF CONTACT BETWEEN LIQUIDS AND GLASS 


One of the great advantages of the drop weight over the capillary height 
method for determining surface or interfacial tension lies in the fact that 
the former is entirely independent of what is known as the angle of contact 
between the liquid and glass, provided the tip is properly made and of a suit- 
able diameter. The capillary height method is, on the other hand, dependent 
upon the angle of contact, since with any other than a zero angle equations 
(1) and (5) for the capillary height method become converted into 


__ 1 rhg(d—d’) 
'a2 cost 


and the term cos? must be included in the other similar equations. 

In 1919 Harkins and Brown gave convincing, but indirect evidence that 
the angle of contact is zero for four liquids: water, benzene, carbon tetra- 
chloride, and ethylene dibromide. It was found that the angle of contact is 
very small for these liquids, and that it is the same within the limits of error 
of highly precise measurements for all four. More direct evidence was given 
in an independent investigation by Richards and Carver,?*» who proved by 
optical measurements that the angle of contact is zero for water, benzene, 
carbon tetrachloride, chloroform, and ether. Thus at the present time there is 
evidence that the capillary height method is applicable to six liquids: for the 
others the angle of contact is unknown, though it is probable that it is zero 
for most liquids. No test has been made of the angle of contact for any inter- 
face, but the work of this laboratory indicates that it is usually very small. 

Since the drop weight method, itself independent of contact angle, has been 
standardized by the use of four liquids whose angle is zero, this method gives 
for any other liquid or interface between two liquids, the correct value: that 
is, it gives the value which would be given by the capillary height method with 
a zero contact angle. 


te = omrycosu (i) (S62, 


24. Dror WeicHtT METHOD FOR SURFACE. TENSION 


The drop weight method has about the same degree of precision as that in 
which the capillary height is measured, but it is experimentally much more 
simple, and gives much more accurate data when only ordinary care is used. 
The method has been very much misused, and it is too much to expect any 
method to give good results when its most fundamental principles are violated 
by many workers in industrial or in physiological chemistry on account of 
ignorance or laziness. 

The theory of this method has been considered by Rayleigh,** and par- 
ticularly by Lohnstein.4? Kohlrausch and Ollivier have also discussed the 
method. That it is now capable of giving accurate results is due to the work 
of the writer and his two associates, E. C. Humphery and F. E. Brown, who 
began their study in 1912. 

The cross section of a drop, weight apparatus is shown in Fig. 26.+ For 
work of high precision the apparatus is supported by a heavy iron rod of 
1 inch in diameter held upright by a heavy iron tripod which rests upon a 
concrete pier. During a determination the box is suspended in the water of 
a thermostat from its outside support. The most important part of the appa- 


* Note that h is not the actual, but is the corrected height. 
{ For further details see J. A. C, S., 38, 247 (1916). 
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ratus is the tip D, Fig. 26. A straight heavy walled capillary tube of glass 
(Jena glass makes excellent tips) is clamped in a precision lathe, which causes 
the tip to rotate at a considerable speed in one direction. The tube is ground 
off along the side near the end by a wheel of fine carborundum which rotates 
at high speed in the same direction, which means that the surface of the glass 
and of the wheel are moving in opposite directions over the area of contact. 
Finally the surface of the glass is polished with rouge while rotating in the 
lathe. Such tips are accurately round. The next step is to grind off the tip 
of this cylinder until it is plane and at a right angle with the end. It is most 
important that the edge of the tip be kept entirely sharp, so that no flaws are 
observable under a microscope of low power (magnification of 10).* A 
cylinder of brass of about 5 cm. diameter and 2 cm. thickness is bored in the 
center so that the hole is vertical and just large enough to slip over the tip. 
This hole is finished on the lathe. The tip is sealed into this hole by a mixture 


Fic. 26.—Cross section of drop weight apparatus of Harkins and Brown. The tip, 
weighing bottles, and windows are of glass, the rest of the apparatus, nickel-plated 
brass. The design is similar to the earlier glass apparatus of Morgan. 


of beeswax and rosin, or by Wood’s metal, with the tip projecting very slightly. 
Then the tip and the cylinder are ground by carborundum in water upon a 
plane block of steel. In this way it is possible for the edges to be made per- 
fectly sharp, while the bottom of the tip is still left rough. This roughness 
is of considerable advantage, since it aids in keeping the tip wet to its extreme 
edge. The diameter of the tip is measured by a microscope moved by a 


micrometer screw. 


Control of the Drop. 


After the liquid whose surface tension is to be determined has been added 
to a weighing bottle this is fastened to or put under that end of the capillary 
inverted U tube which has not been ground into a tip, an empty weighing 
bottle is pushed onto the stopper in which the tip is fastened. This is pref- 
erably of glass and the fit must be very tight. The greater part of the drop is 
pulled over by suction on the tube S (Fig. 26). Gravity alone is allowed to 

*Tt is simpler to first grind the end of the tube, then cement on the end a glass disc to protect 


A i i i he lathe. On melting the cement, 
_ and grind off the side of the tube and disc together in th 
te ee of the tip is found to be without flaws under a magnification of 40. 
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control the formation of the last tenth of the drop. To accomplish this, the 
level of the liquid in the supply bottle is made just a little higher than the 
level of the tip and by applying suction the drop is drawn over to as nearly 
full size as is possible without causing the drop to fall under the influence of 
the suction. How nearly the full size may be approached depends on the skill 
of the operator. Then the drop is allowed to complete its growth and fall 
under the influence of gravity. A second drop is allowed to form and fall 
under the influence of gravity alone. The time between the fall of the first 
drop and the fall of the second drop, when the whole drop is allowed to fall 
by gravity alone, is called the drop time. A supply cup 2 to 3 cm. in diameter 
was used, and the change in the rate of formation of drops during a 30-drop 
run, was very small. Frequently 3 successive runs were made from one filling 
of the supply cup, with correspondingly slower rates of formation for the 
drops of the later runs. 


Speed of Formation of the Drop. 


When the rate of formation is faster than a drop in 3 minutes, on ordinary 
sized tips, some of the liquid streaming from the tube seems to force its way 
into the falling drop during the time of detachment, and consequently, a drop 
formed rapidly is heavier than one formed slowly. The following series of 


runs was made by dropping water from a glass tip whose radius was 
0.24456 cm.: 


ADAMI, 2 S111 
Drop Time 
—s— Drop Weight 
Min. Sec. in Grams 
1 ZU stevovs: th gte: cathe, a43 cots Sete: ete artes tus, eisbetecs 0.07191 
i A red Mocaceion Mees eee ee COTS 0.07187 
3 30 Saw Shed Rao chetele ae ac eroaree 0.07179 
6 OO re eann Mettve ces erica alee ae rae 0.07172 
9 OOM Sean. MR ecehante aise ee 0.07174 
10 OO TA ti AR, Leen arae sh recite ae 0.07175 
11 ZO SS. SORE ail aoe eaten rate oe rere 0.07173 
Slower than 11 QOS is as see a eee he end 0.07172 


The variation in the weights of the last 5 runs is probably due to experi- 
mental errors. The drop weight rises rapidly as the time of formation 
is reduced below that given in the above table. It will be seen that on a 
ne of this size three minutes is too short a time for the formation of the proper 
drop. 


Collecting and Weighing the Drops. 


In our experiments, before the apparatus was put in the thermostat, the 
level of the liquid in the supply cup was adjusted so that the drop time was 
about 5 minutes for small and medium sized drops, and up to 12 and 15 
minutes for large drops. The time required for a 30-drop run, when the drop 
time was 15 minutes, would have been 7.5 hours, had we permitted gravity 
alone to form the drop. The possible errors due to evaporation would more 
than compensate for the accuracy gained by slow formation; so the drops 
were drawn to nearly full size and only the last fraction of each drop formed 
slowly. The average time required for an experienced operator to draw over 
and drop 30 drops is 30 minutes. Any form of suction apparatus, which is 
susceptible to quick and accurate control, can be used, but. we found that 
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suction with the mouth was satisfactory. A soda-lime tube was inserted in 
the rubber tube connecting the dropping cup and the mouth, as danger of con- 
tamination was apprehended. 

Our method of making a run is: clean, mount and level a tip,* adjust the 
level of the liquid in the supply bottle, so that the drop time is about 5 minutes, 
force the liquid back through the capillary, so that no drop is on the tip, 
place a clean weighing bottle on the plug * around the dropping tip, adjust 
the protecting box of the apparatus in the thermostat. In our work, depend- 
ing on the difference in temperature between the thermostat and the room, a 
period varying from 15 to 40 minutes was allowed for the liquid to reach the 
proper temperature. Then the first drop was drawn over, and, by suction or 
pressure, kept at full size for 5 minutes. The purpose of this was to saturate 
the space in the dropping cup with vapor, so that the first drop, as well as all 
others, would fall in its own saturated vapor. Thirty drops were drawn succes- 
sively, to as nearly full size as the operator could judge, and then allowed 
to detach and fall under the influence of gravity. The residual drop was 
forced back into the supply cup, the apparatus removed from the thermostat, 
and finally, the weighing bottle was cooled with ice water for %4 minute, to 
prevent loss of vapor, and then removed from the plug and stoppered ; another 
weighing bottle was put on the plug, the protecting box replaced, and the 
apparatus again immersed. As the apparatus was out of the thermostat 3 
minutes or less, it would return to the desired temperature in a very short 
time. The bottle and drops were weighed while we were waiting for the 
apparatus to reach temperature equilibrium. This procedure was repeated 
for the second weighing bottle and the first weighing bottle was returned to 
the apparatus for the blank run. The blank run was made exactly like the 
others, except that the same length of time was taken for dropping 5 drops 
into the weighing bottle, as had been required to drop 30 drops into the same 
bottle in the ordinary run. After this run, the second bottle was returned 
to the apparatus and a blank run made in it. The weight of the bottle and 30 
drops, diminished by the weight of the bottle and 5 drops, gives the weight of 
25 drops. The distillation from the convex drop to the concave surface in the 
bottle, the weight of the vapor in the bottle, and all other causes for loss or 
gain in weight, are nearly the same in both cases, and are approximately elim- 
inated. To prevent vaporization of the liquid in the weighing bottle the 
bottom may be covered with a non-volatile paraffin oil, but extreme care must 
be exercised to select an oil which is sufficiently non-volatile. This differs 
from Morgan’s method ** of determining the weight of a drop in only a few 
particulars. ee 

The method described above is capable of giving reproducible results to 
a precision of 0.02 per cent when carried out under the most favorable con- 


ditions. 


Principle of the Drop Weight Method. 


If the drop which hangs at the end of a tip were cylindrical and of the 
same diameter as the tip, it is evident that the maximum weight of drop which 
could be supported is exactly equal to the weight of the liquid upheld in a 
capillary tube of the same diameter. This is because in both cases the force 


aa ighi:ig bottle should be so ground to the plug as to give a very tight fit. Otherwise 
air is renin te the crevice and this may evaporate some of the liquid which has dropped into 
the weighing bottle. 
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of surface tension acts on a line 2xr long, so the force is 2ary. Lohnstein 
assumed this to be the force holding up the drop when the tip has an ex- 
tremely minute diameter, that is 


W = 2nry (1) 


and this weight has been defined by Harkins and Brown as the weight of an 
ideal drop. 

Actually, however, the drop does not break away from the exact edge of 
the tip, but the liquid breaks apart some distance below the edge, leaving a 
“pendant” drop. Observation shows that with tips of moderate size the drop 
is constricted where the break occurs to a diameter less than that of the tip. 
Thus the drop which falls should have a weight smaller than corresponds to 
equation 1. As has been stated Lohnstein solved this problem mathematically, 
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Fic. 27.—Relation between Radius of Tip and Fraction of Ideal Drop which Falls. 


but only to an accuracy of 4 per cent in the region of ordinary determinations. 
Harkins and Brown have determined the values of the corrections involved by 
comparing the results of the drop weight method with those obtained by the 
capillary height method under the best conditions for the attainment of high 
precision. 

Since r is a linear dimension of any hanging drop, it is evident that if 1 is 
some other linear dimension of the drop, r/l will remain constant if the form 
of the hanging drop is kept constant while its volume is changed. In place of 
I, the cube root of the volume of the drop (V’/:) may be taken. Now if the 
form of the hanging drop determines what fraction of it will fall, then the 
actual weight of the falling drop is 


W = 2uary .f' (r/l) = 2uryf (7/4) (4) 


The square root of the capillary constant is a, and this acts. as a linear dimen- 
sion of the drop, so 


W = Ziv fi (r/g ea 
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TABLE XIV 


Drop-wzIGHT SuRFACE TENSION CorrEcTIONS WuicH May Be Usep Direcrty WirHout 
THE Necessity or EmMpLoyinc ArproximMATION MeEtuops * 


CTRL. r 
(Factors for division = Hea) factors for multiplication = ¢) 


r/Vi p 
0.00 (1.0000) 
0.30 1.3780 
0.35 1.4263 
0.40 1.4645 
0.45 1.4994 
0.50 1.5349 
0.55 1.5718 
0.60 1.6000 
0.65 1.6205 
0.70 1.6412 
0.75 1.6578 
0.80 1.6667 
0.85 1.6688 
0.90 1.6672 
0.95 1.6572 
1.00 1.6398 
1.05 1.6183 
110. 1.5923 
aS 1.5608 
1.20 1.5302 
UE2ZZ5 Mere tee ee ees se rocilaa aces ee (0.6555) (1.5255) 
DNS a ae anh Pn CR Dae Oca Se (0.6521) (1.5335) 
LESO S xen tire terhapsis ore eee the ates (0.6401 ) (1.5622) 
LS Gee Weie sere tite. ko etc cs cic ite (0.6230) (1.6051) 
WAV ce erases mace, siotcle alcas ers aces ciclo ae (0.6033) (1.6575) 
D4 Siete ceva dale te cael rar aia saat ote (0.5847) (1.7102) 
1S On cis Obes io Cho ao ORs Rena Eee eae (0.5673) (1.7627) 
RSS iaveegh cory gercttertc casts cstesic cctecsca a tiers (0.5511) (1.8145) 
AGO aeRoe ce oe ce Oe bine Ce open (0.5352) (1.8684) 


* For single liquids it is usually best to use tips such that r/’% lies between 0.759 and 0.95. 


: ‘ 3 EME S8 
Note.—All of the liquids tested give the same values of (Fz) , which indicates that 


the considerable variations in density and viscosity had no detectable influence upon the 
value of the function. Within these limits this indicates the justification of the assump- 
tion that with any definite form of drop, no matter what its size, a definite fraction of 
material of the total drop is found in the drop which falls. 

A considerable amount of accurate experimental work with the drop weight method 
has been done by Morgan and his associates, but all of his data will have to be calculated 
to surface tension values by means of the above table before they are available for use. 
These calculations are now being made by T. F. Young and the writer. 


so since W = mg 
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Here f represents a function of r/V’/s, and f’ represents a function of r/a. 
Values for the former function are given in Table XIV and Fig. 27. 

If the vapor is dilute it is simplest to let m represent the weight in grams of 
one drop as weighed in air. Now since the drop as it hangs is also in air, no 
additional correction for buoyancy needs to be made. All that is necessary 
to do to determine the surface tension of a liquid is to determine the mass of 
one drop, calculate its volume (v) by dividing by a roughly determined density, 
also in air, calculate v'/s, look up the value of f, and divide the value of mg by 
2nrf. The density of the liquid is involved only in determining the value of 
the correction which is not very sensitive to density differences. 


Fic. 28.—Dropping pipette for the determination of interfacial tension by the drop- 
weight-volume method. Suction is applied at G. E is a glass stopper in F, the 
vessel which contains the non-aqueous phase into which the tip extends. Usually 
a smaller vessel is used inside F in order to reduce the volume of the non-aqueous 
phase as much as is desired. B is the bulb of the pipette. Above and below this 
the stem is graduated in hundredths of a cubic centimeter so that it may be read 
to thousandths. The whole apparatus is mounted on a firm sheet of metal which 
holds a shelf and level above, and this is supported by heavy nickel-plated iron 


rods from a one-inch rod screwed into a heavy tripod with a base about 20 inches 
in diameter. 


25. Tue Drop-WeicHTt VoLUME METHOD FoR INTERFACIAL TENSION 


The drop-weight method is directly applicable to the determination of 
the interfacial tension of mercury against water or an organic liquid, but 
for general use the drop-weight volume method as used in this laboratory 
is usually preferable. The apparatus is shown in Fig. 28. It is supported 
in the thermostat by a metal or hard rubber back. After equilibrium has 
been established the aqueous phase is put into the pipette ABCD. The tip 
is then placed under the surface of the other phase which is kept in F, or 
better in a vessel supported in F. The edge of the aqueous phase is drawn 
exactly to the end of the capillary at the tip, and the reading of the meniscus 
of this phase above the bulb of the pipette is taken. Suction is applied care- 
fully at G, and drops are pulled off until the meniscus falls to the scale 
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_ below the bulb. From the volume thus obtained the surface tension may 
be calculated by equation of the preceding section, which takes the form: 


_ V(d—d’)g 
Qurfr/Vt 
__ V(d—d’)g® 
i 2mr y 


_The corrections involved are the same as those of the drop-weight method 
as given in Table XIV. 

It may be noted that the phase which best wets the tip should be the one 
to be dropped either downward or upward into the other phase; if upward 
the capillary must be bent so that the face of the tip is upward instead of 
downward. Thus an aqueous phase is dropped downward into an organic 
phase of lesser density, or upward into one of higher density. 


26. THE Drop WEIGHT or Drop Votume MertHop ror Rapip Work, AND 
FOR SMALL AMOUNTS oF LIQUID © 


It is often necessary in industrial work to determine the surface or inter- 
facial tension quickly, and sometimes only small quantities of material are 
available. To meet these requirements it is only necessary to use what seems 
to be entirely obvious modifications of the drop method. Thus the surface 
tension may be determined from the weight of a single drop, and often with 
an accuracy of a few tenths of a per cent. After the proper temperature has 
been attained, an essential procedure with any method, a single drop may 
be taken from the tip in less than two minutes, so the time is short, and 
the determination may be made by the use of only a few drops of a rare 
material. Similar modifications may be made in the drop-weight volume 
method. The surprising lack of understanding of the drop method is illus- 
trated by an altogether incorrect criticism of the method by a well known 
worker, who stated that the method is not applicable to approximate or com- 
mercial work, since it would be impossible to spend five minutes per drop 
and still obtain the several hundred drops essential to the method. Evi- 
dently he had in mind the altogether erroneous method of the “drop num- 
ber,” that is, counting the usually large number of drops in a certain volume.’ 
Commonly the results are given in terms of the drop number, with the state- 
ment that this gives the correct relative values: a statement which is very far 
from the truth. A careful determination made with one drop gives a result 
of a very much higher order of accuracy. 


27. STANDARDS FOR SURFACE TENSION 


The present standards for surface tension are those established at 20° 
for water, 72.80 dynes per cm., and for benzene, 28.88. These values were 
established by independent measurements of the capillary heights by Richards, 
Carver, and Coombs,’* by Harkins and Brown,*’ and by Harkins and Davies. 
The agreement between the different sets of measurements is extremely close, 
which was to be expected, since extreme precautions were taken to avoid 
all known sources of error. Very accurate work, but not of the same high 
order of precision, has been done upon water by Volkmann, by Domke, and 
by Sugden.*® The latter obtained the value 72.70 for water by the capillary 
height, and 72.90 by the bubble pressure method, or a mean of 72.80. 
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Unpublished work by Young, Gross, and Harkins indicates that between 
10° and 60° C. the surface tension of water is given with a high degree of 
accuracy by the equation: 


y = 75.796 — 0.145 t — 0.00024 #2 


in which ¢ is the Centigrade temperature. The best data for benzene are 
represented between 20° and 60° by the equation 


y = 31.556 — 0.135 t + 0.00006 #?. 


EnerGY RELATIONS AT SURFACES * 


The interfaces” commonly called surfaces are of several kinds: liquid-vapor, liquid- 
liquid, liquid-solid, and solid-solid. The thermodynamics of saturated films has been. 
treated by Dupre,® Lord Rayleigh and more thoroughly by Gibbs* and by Einstein.” 
The following treatment is somewhat different from that presented by any of these 
workers, and has some advantages: 

The surface film may be either saturated or unsaturated, and a part of the treatment 
presented will be applicable to either case. 


Let § =the entropy of the whole surface, s of unit area. 
U = intrinsic energy of the total surface. 
u = the intrinsic energy of unit area = Eg. 
= the free surface energy per unit area, or the surface tension per unit length. 
c =the specific heat of the surface, where specific refers to unit area and not 
: to unit mass. 
A= the area of the film. 
1 =the latent heat of the surface per unit area. 
OQ =the total heat added to the surface. 


These quantities may be thought of as applying to a film of infinitesimal thickness, 
but since this is not the true thickness for the actual film, they represent the surface 
densities. Thus U, as Gibbs states, denotes the excess of the energy of the actual mass 
which occupies the total volume considered, over that energy which it would have if on 
each side of the surface the density of energy had the same uniform value quite up to 
that surface which it has at a sensible distance from it. 

From the first law 

Ou 


aQ =d(du) —yda =aSt ar +| + (uy) |e (1) 


=CdT+1dA. 


This equation is perfectly general. 
To be entirely exact a term which gives the work done by the expansion or contraction 
senuiet the external pressure when material from inside the liquid goes into the sur- 
ace, so 
dQ = d(Au) —dA + pdv 


Since , the heat function, is equal to u + pv, and at constant pressure dh = du + pdu 

the substitution of # for u in the equations which follow makes them exact. However, 

it is easy to show that the term pdv may be neglected, at ordinary pressures. 
We will define c as follows: 


ft (a2) _ du 
ANAT Janae ead oO 
Equation 1 now becomes: 


dQ =AcdT+!1dA=ACdT+ (l+y) dA—ydA (3) 


Let the film be saturated, and the definition of a saturated film will be that w and y 
are functions of 7 only. 


d 
d(Au) = AG dT + udA = AcdT + (1+ y) dA is an exact differential, (4) 


* This section was written by the author in 1916, and is quoted from a paper printed in 1917. 
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and c, 1=f(T) only. (5) 
Bait) SNE 
c aT Ud+y)= aT (6) 
u=I+y. (7) 
l+y= J cdT and is a definite function of T. (8) 
From the second law 
d A 
dS = 2 eae i dA is an exact differential, (9) 


Pee, Ons ze OCF) 
in 5r(7) SGA (10) 
Combine (6) and (10), and 


Of li. @ 
Tor (g) = opty, (11) 
or 
a1 at, ov 
ie iS BYR WE 
or 
- ONase OY 
| [aT aT (12) 
Equation 7 now becomes 
u= (y+ 1) =y—7 9, (13) 
SOU (ee oe OY.\ OV ue Ole lp, 1 OF Ory 
Smid es Was nee eas Gee eee ey 
or 
fa Ory 
c=— (55 | (14) 


Equation 1 is fundamental for saturated and unsaturated surfaces, and Equations 13 


and 14 for saturated films. 
The experimental results indicate that over moderate ranges of temperature y is a 


: ‘ d me 
linear function of the temperature, or SF =k. So long as this is true u, the total 


surface energy per unit area, is independent of the temperature. This constancy of u 
makes it a very much more characteristic function than either the free surface energy 
or the latent heat of the surface (1). Tables of data show that, indeed, the total surface 
energy is not only largely independent of temperature, but is also very characteristic of 
any special class of compounds. In so far as y deviates from a linear function uw will 
vary with the temperature, so that even a greater regularity might have been obtained 
by calculating u from data taken at corresponding states. However, the regularities in 
the values of wu as they have been obtained are extremely striking. 


So long as oy is a straight line, c, which is equal to —1 is zero; or the super- 
ficial specific heat is zero, as was found by Einstein. This indicates that under this con- 
dition all of the energy of formation of a surface (=u or y+/) goes into the surface 
in a potential form, and this in turn seems to show that the energy is stored up by some 
configuration of the surface layer. ‘the fact that the total surface energy is. almost 
independent of the temperature indicates that this configuration is almost the same for 
various temperatures, but it is quite likely that there may be some change in the relative 
distances of the molecules due to thermal expansion. Although thus far what we have 
found agrees well with the ideas of Einstein, our other results do not so well agree 
with a generalization which he introduces, that for every atom in the molecule there is 
a field of molecular attraction which is independent of the manner in which it is joined 
to other atoms, and that the summation of all these atomic attractions determines the 
free surface energy. : 

f we now imagine that inside a liquid plane area of 1 sq. cm. exists, and then pul) 
the liquid apart over this area, so that two surfaces each 1 sq. cm. in area are formed, 


262 COLLOID CHEMISTRY 


then the increase in free energy is 2y. Now Equation 13 shows that at the same time 
there is a cooling of the surface equal to 2 /, so that the kinetic energy of the molecules 
aids in pulling the surfaces apart. The total energy 2u involved in this process may be 
imagined to be used up, (1) in giving orientation to the two sets of molecules on both 
sides of the imaginary plane, while still in the liquid, and (2) in pulling the two oriented 
surfaces apart. By this it is not meant that the process takes place in this order, but 
only that the end result is the same as the result of these two steps. While we have at 
present no way of determining the relative amounts of energy involved in the two steps, 
it would seem that the amount of energy involved in (1) is relatively small, and that 
the greater amount is that of step (2). Now, if we knew the laws according to which 
the electromagnetic forces vary in the fields between and in the molecules which make 
up the surface layers, it would be possible to get a solution of our problem. However, 
since this is not known, it seems better to solve the converse problem, that of determining 
the rate at which these forces fall off, from the data on surface energy. 

Equation 12 indicates that if the free surface energy decreases with the temperature, 
as is usually the case, the formation of the surface will have a cooling effect, while 
if it increases with the temperature, as it does in the case of the two anisotropous 


Surface energy. 


T, 
Temperature. 


Fic. 29.—Variation of the free and total surface energy with the temperature, with 
three types of curves. 


liquids, ethyl p-azoxybenzoate, and ethyl p-ethoxybenzalamino-o-methyl-cinnamate, there 
will be a heating effect. In either case the first effect is to increase the free surface 
energy. It is evident that a contraction of an ordinary surface lowers its tension, and 
that the free surface energy of a fresh surface, between two phases which may exist 
together, is greater than that of an old one. If a surface is thought of as being formed 
with infinite speed, then the changes which follow are such as to lower the free energy. 

From thermodynamics we learn that the arrangement of the molecules-in the surface 
of a liquid must be such as to make the free surface energy (y) a minimum. Now, since 


=u—Ts, (15) 


and when the change is not isothermal T changes, and when the change is not reversible 
the superficial entropy (s) changes, the condition for an isothermal reversible change in 
the surface is that there shall be a decrease in the total superficial energy (u) just equal 
to that of the superficial free energy (vy), so under the given conditions the configuration 
must be such as to make the total surface energy a minimum. 

According to Jaeger, if curves are plotted with y as the vertical axis, and with T 
horizontal, the curves are of three types, all of which slope rapidly downward as the 
temperature increases. The most common type of y, T curves is type 3, which is convex 
toward the T axis. If we assume that all of the three curves begin at the same point 
on the y axis, and end at a common point on the T axis, the curves take the form given 
in Fig. 29. The curve representing the total surface energy is given by Curve 3a. This 
curve at first slopes gently, and finally rapidly downward when the y curve becomes 
almost parallel to the T axis. When the curve is linear the total energy remains con- 
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AA this ene SN to the T axis, when the w curve falls very rapidly. 
will be seen that the type 1 curve for y must change int i 
Berchet nie y ge into a type 3 curve before it 

These relations indicate that the specific heat of the surface is not wholly independent 
of the temperature, and that it approaches zero with extreme rapidity as the critical 
temperature is approached, so the surface film thickens rapidly and rapidly loses the 
orientation of its molecules just before the critical temperature is reached. 


Fic. 31—Vertical section of a globule of water floating upon carbon tetrachloride. 


25. Tue Form oF FLoATING Drops 


Coghill and Anderson have made an interesting study of the form of 
floating drops. Fig. 30 shows the contour of a drop of paraffin oil on water, 
and Fig. 31 that of a drop of carbon water floating on carbon tetrachloride. 


26. Tue ELECTRICAL CHARGES ON THE SURFACES OF COLLOIDAL PARTICLES 


_ Since atoms consist of particles which are negatively or positively charges, 
all surfaces are made up of electrical charges. Since electrons in general 
form the outer part of atoms, they also form the outer part of surfaces, with 
the exception that it is possible that the hydrogen ion or proton of the 
hydrogen in organic substances, water, etc., may also get into the extreme 
outer surface. However the relative positions of the proton and the valence 
electrons which bind it are unknown. A surface is said to be charged only 
when there is more electricity in it of one sign than corresponds to electrical 
neutrality. Such a charge reduces the surface tension. Such surface charges 
are of extreme importance in connection with problems relating with surface 
energy, but are not considered in detail in this section because they are dis- 
cussed in a number of other sections of the book. 
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Ganecion and Molecular Forces 


By Sir Wituiam H. Brace 


This note is a very slight enlargement of an introduction to a joint discus- 
sion on cohesion and molecular forces held by Sections A, B and C of the 
British Association at its 1923 meeting at Liverpool. It must not be considered 
as an attempt to discuss the question of cohesion in any thorough manner, it 
is no more than an attempt at a sketch from the new point of view furnished 
by the methods of the X-ray analysis of crystals. 

The analysis suggests that the very strong forces between atom aiid atom, 
molecule and molecule are limited in their effective line of action to distances 
much smaller than we have hitherto supposed ; small, it may even be, compared 
to the distances between the centers of atoms as they lie side by side in a 
crystal. This does not mean that one atom cannot exert any influence on 
another some distance away, for such an action may be possible through the 
transmitting agency of intermediate atoms. There may be as it were a direct 
pull along a chain through the agency of intervening links. There may also 
be a transmission of influence through the sheer effect of arrangement, a kind 
of catalytic action, but the powerful direct forces which are the basis of 
cohesion would seem to be of extremely short range. We are led to picture 
one atom holding on to another at a point which is definite in the structure of 
each of them. In ionized solids, such as rocksalt, we have it is true to consider 
maitily electrostatic actions between center and center, but even then this cannot 
be the whole truth because there are directive tendencies in such bodies which 
seem unlikely to be due to electrostatic actions between atomic centers. The 
whole action of one atom on another cannot be explained in terms only of a 
central charge and a more or less rigid spherical envelope or of other proper- 
ties or descriptions which are really equivalent to these. ; 

A crystal conforms so exactly to rules respecting its angular dimensions 
that it seems impossible to imagine its form to be merely the result of an 
average of tendencies. The forces of adjustment cannot therefore be thought 
of as a force between two points each representing one of the molecules, On 
the contrary, it is nearer the truth to think that the adjustment is made so 
as to bring together certain points on one molecule and certain points on the 
other. In considering, therefore, the binding of the individual molecules of a 
solid, the analogy of the electrostatic attraction of two charged spheres is 
imperfect, and should be replaced by that of two members of a girder struc- 
ture adjusted until the rivets can be dropped into the holes brought into true 
alignment. This is seen well in the recent work by Muller and Shearer, and 
by Piper and Grindley on the structure of the organic fatty acids and their 
salts. There is no doubt that the ultimate flakes of the crystals of these fatty 
acids are the monomolecular films investigated by Langmuir and by Adam, 
and it would appear that in passing from one acid to a homologue of greater 
molecular weight, each addition in thickness of the ultimate flake is made in 
complete independence of the previous length, as if the only thing that mattered 
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was the nature of the attachment of one carbon atom to the next. There is 
no influence of the ends upon the atoms in the middle. Again, we have the 
forces different at different parts of the atomic surface, as in the case of 
bismuth and its homologues, in which the atom is attached to three neighbors 
on one side by bonds differing from those which attach it to its three neigh- 
bors on the other. 

With regard to the nature of these binding forces three types may be 
recognized. First, there is the effect set up by the sharing of a pair of elec- 
trons by two contiguous atoms, leading to strong and directed attachment. 
Next, there are actions of a different and generally weaker type manifested 
in the binding of molecule to molecule in a crystal. We may be sure that 
this type plays an important part in metals and alloys. Lastly, there are the 
pure electrostatical central actions. In the case of the polar crystal Born and 
Landé have made some progress in calculating the effect of this type of force. 

One well-known fact in crystal growth is that the faces have different rates 
of growth, indicating that there may be differences in the ease with which 
molecules slip into their places. Into this the element of time may enter, 
because a molecule may come nearly into its right place and be held there 
sufficiently long to get settled in by thermal agitation or otherwise. We may 
suppose that in some cases the formation of the crystal begins correctly 
enough, but that errors of adjustment creep in until the surface becomes some- 
what disordered, and the growth ceases because fresh molecules cannot find 
their proper places to slip into. Without a more detailed knowledge of the 
active forces localized at various points of atoms and molecules we cannot 
build up a complete theory of cohesion. 


Surface Tension of Colloidal Solutions and Dimensions 
_of Certain Organic Molecules 


By P. Lecomte pu Noiy, Sc.D. 
(From the Laboratories of The Rockefeller Institute for Medical Research) 


A large number of papers have been published on the surface tension of 
colloidal solutions but, owing to the methods used, certain facts have been 
overlooked so far. The purpose of this paper is to review briefly the results 
obtained by using a different method, namely, the pull on a ring. By this 
method, the surface tension of the same layer of liquids may be measured, 
at intervals of time, instead of that of a continuously renewed layer. 


EXPERIMENTAL 


It will suffice to say that the instrument used, based on the work of 
Weinberg,’ has been described in the Journal of General Physiology,® by 
Sir William Bayliss,* and by Holmes.’ The torsion of a wire controlled by 
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Fic. 1.—Drop of surface tension of pure blood serum (rabbit). 


a worm-gear is used to counteract the stress of the liquid film adhering to a 
platinum ring and, as the amount of torsion can be measured by a simple 
reading on a dial, the surface tension is measured directly. The measure- 
ments require only 20 seconds. Those reported in this paper were made 
at a temperature of 23 + 0.5° C. Two cubic centimeters of liquid in watch- 
glasses were used, the diameter of the free surface being very nearly 4 cm. 
The glassware, containers, flasks, pipettes, watch-glasses, etc., were freshly 
boiled for 2 hours in a cleaning solution (sulfuric acid and potassium dichro- 
mate), rinsed in specially prepared distilled water, and dried. No alcohol 
or ether was ever used. When NaCl was used for preparing the solutions 
of serum, for example, it was washed, then recrystallized twice. The greatest 
care was taken in handling the solutions under experiment, so as not to dis- 
turb their surface. A special table was built on which the surface tension 
apparatus, supported on a small carriage, was rolled on rigid rails, in front 
of every solution in succession. Under such conditions, about 100,000 meas- 
urements were made and the following results, which will be summarized 
rapidly, were obtained: 
267 
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I. The surface tension of colloidal solutions is not constant but decreases 
rapidly in function of the time. So far, few colloidal solutions have been found 
which do not show this phenomenon. Experiments have been carried out 
mainly with blood serum, pure albumin, hemoglobin, globulins, sodium oleate, 
sodium glycocholate and taurocholate, and saponin solutions, a great number 
of dyes, and gold, silver, copper, and iron sols (electrically prepared). The 
drop varies, of course, according to the substances and to the concentration. 
It is much smaller in the electrosols mentioned above. At a given concentra- 
tion, it can be roughly expressed by the formula (Text Figs. 1 and 2) 


Se 


until a certain stable value is attained. This phenomenon is due to the adsorp- 
tion in the surface layer, in function of time, of the molecules in suspension. 
As the concentration of the solution in every watch-glass does not vary, this 
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Fic. 2.—Drop of surface tension of a solution of Y%o blood serum (rabbit). Dotted line 
is calculated according to the formula S = Soe —K+}, 


phenomenon seems to differ from ordinary adsorption which is considered 
as almost instantaneous. However, it may be assumed that in these colloidal 
solutions the concentration varies proportionally to the time as the adsorption 
progresses, This assumption is supported by the fact that the same formula, 
in which ¢ is replaced by c (concentration), satisfactorily fits such adsorption 
isotherms as published by Lewis,® expressing the adsorption of sodium gly- 
cocholate by paraffin oil. 


TABLE I 


AGREEMENT BETWEEN FIGURES OBSERVED AND CALCULATED FOR THE LOWERING OF SURFACE 
TENSION AT THE INTERFACE BETWEEN A SOLUTION oF SoplIuMm GLYCOCHOLATE AND 
PARAFFIN OIL, IN FUNCTION OF THE CONCENTRATION (TEXT-FIG. 3) 


K = 0.222 
Concentration, Per Cent 0 0.1 0.2 0.3 0.4 0.5 0.6 
Surface tension observed (Lewis) 
dynes OL SS 83s Sava A eee 34.0 21.0 16.5 14.0 12.2 11.0 10.9 


Surface tension calculated 
= )4--KC1 |, dynes mses — 202 (16599 14 0am 22 sen0.0 9.7 
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Text Fig. 4 gives an idea of the phenomenon in function of the concentration 
for a few substances. It is to be noticed that a sodium oleate solution in such 
quantities as 10°*, although it affects the initial surface tension of water very 
little, will cause a drop of more than 25 dynes in 2 hours. The drop in the 
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Fic. 3.—Action on surface tension of adsorption of sodium glycocholate by paraffin 
oil (Lewis). 


surface tension of sodium oleate at higher concentrations has been observed 
before, but could not be followed step by step on account of the methods used, 
and was not thought to be a general phenomenon of colloids. The effect of 
dilution was also overlooked. One hundred thousandth part of hemoglobin 
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does not affect the initial surface tension of water, but causes a drop of 20 

dynes in 2 hours. The drop weight or drop count methods are unable to 
is phenomenon. oh 

a Plt the cases studied (organic colloids), a decided minimum value 

was observed at a given concentration. Under the conditions of our experi- 

ments it occurred around 1/750,000 for sodium oleate, 1/140,000 for crystal- 
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line egg albumin, and 1/10,500 for rabbit serum and, as this serum contained 
6.51 a cent of proteins, the final dilution was near 1/160,000. On both sides 
of this minimum (Text Fig. 5), the drop is smaller. In the case of certain 
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Fic. 5.—Initial values and values after 2 hours of the surface tension of solutions 
of serum. 


strongly active substances (saponin, etc.), it often happens that, at low dilu- 
tions (1/10 to 1/1,000), a slight increase is observed. instead of a drop. An 
hypothesis was made in order to account for the maximum drop. At this 
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Fic. 6.—Initial values and values after 2 hours of the surface tension of sodium oleate 
solutions in water. Between 10° and 10°, the figures representing concentrations 
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should be divided by 1,000, namely 200,000' 500,000" etc. Space did not allow more 
figures on the chart. 


optimum concentration (the size and shape of the vessels in which the solu- 
tions were exposed being taken into consideration), the existence of a mono- 
molecular and oriented layer was assumed ; such a layer is only possible at one 
concentration in the same vessels, and its geometric organization would account 
for the existence of the smallest possible field of forces compatible with the 
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number of free molecules in the solution. Text Figs. 5 and 6 show how well 
defined and sharp this minimum is in the case of serum and sodium oleate. 
A more careful investigation on both sides of this minimum revealed the 
presence of two other minima. One of these probably corresponds to a 
monolayer (the writer proposes this term instead of “monomolecular layer’) 
of horizontal molecules. Experiments are being carried out on this subject 
at present.” 
III. If the solutions are stirred, even slightly, after standing, the surface 
_tension rises and reaches a value generally smaller than the initial value 
(Text Fig. 7). This phenomenon can be repeated a number of times, and for 
this very reason great care must be taken when the time-drop is being meas- 
ured. In the case of the biological colloids (blood serum) studied, after some 
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Fic. 7.—Rise in surface tension when solution is stirred. 


time (48 hours), the solution became practically inert when it has been stirred 
frequently, and there was no further rise after stirring. 

IV. Should the above assumption of the existence of a homogeneous 
oriented monolayer at a given concentration be well founded, the rate of 
evaporation of such a solution should be slower than that of any other con- 
centration. Water molecules would not escape so freely from a solution 
covered with such a film. At a higher concentration, we have assumed that 
there is a piling up, and no organization of the molecules. Therefore, the 
water molecules can pass between and escape more easily than through a closely 
fitting mesh of identically oriented molecules. At lower dilutions, the breaks 
in the film would allow the normal process of evaporation to take place. Ex- 
periments proved that, with the colloidal solution tested (blood serum), such 
was the case. The results of a series of experiments are given in Tables 


Megancde lll 


TABLE II 
DIAMETER OF SERUM SoLuTIONS (RasBir) EvAPoRATING IN WaAtTCH-GLASSES 
Dilution 107 Om 105% 1Ons 10 1076 
Diameter in mm. at 5:41 p.m., after 6 
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TABLE III 
DIAMETER OF SERUM SoLuTIons (Rapsit) EvaporaATING IN WatcH-GLASSES 
Dilution 1074 107? 1078 1074 1078 10-8 
Diameter in mm. at 5:42 P.M........... 18 23 21 ai 2077 mi Z0 
0 D 8 12 0 0 
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So far, our assumption seems to be supported by the facts. It is very 
plain in all these tables that solutions at 1/10,000 evaporated more slowly than 
the others. An interesting conclusion may be drawn from these experiments 
on serum. Of course, the critical concentration 10“ is function, among other 
things, of the ratio sont of the vessels in which the solutions are exposed. 

volume 
In the case of our watch-glasses, this ratio is 13, if it is assumed that adsorp- 
tion takes place on the glass, as will be shown later. Should the surface 
increase with respect to the volume (as happens when the volume decreases), 
this ratio would become very great. If we attempt to calculate the size of the 
vessels which would require pure serum to develop such a monolayer, in other 


words, in which the ratio > would be nearly equal to 130,000 instead of 13 
(the serum being diluted to 1/11,000), it is found that they would have to be 


of the order of magnitude of the blood capillaries, filled with blood cells. 
Thus, one of the factors governing the concentration of colloids in the serum 
is perhaps found. The adsorption of molecules of substances such as albumins 
and proteins in general (biological colloids) and sodium oleate takes place on 
the glass in a similar way as on the free air-liquid surface. This was ascer- 
tained in the following manner : 

Two series of watch-glasses were prepared; in one series, 500 very small 
glass beads were placed side by side. The surface of the glass was thus in- 
creased by 14.2 sq. cm. The same set of solutions (rabbit serum at the 
following concentrations: 1/5,000, 1/6,000, 1/7,000, 1/8,000, 1/9,000, 1/9,500, 
1/10,000, 1/10,500, 1/11,000, 1/11,500, 1/12,000, and 1/13,000) was placed 
'n the two sets of watch-glasses. Without beads, the ratio equaled 12.8. With 
the beads, the volume of the liquid being the same, this ratio became 19.9. If 
our assumption is correct and provided adsorption takes place on the glass, 
the maximum drop must be shifted toward a higher concentration, and its 


place will be at a concentration — = 1.56 greater, namely, at 1/7,000 in- 
stead of 1/11,000. The experiments supported this view entirely, and the 
maximum drop, as well as the minimum value of the surface tension, occurred 
at 1/7,000 in the watch-glasses with beads. 

The existence of such a criterion for a monolayer makes it possible to 
compute its thickness, if the concentration at which it occurs is accurately 
known. Text Fig. 5 shows that this value is very well defined. The specific 
eravity of anhydrous proteins of the serum was measured and found equal 
to 1.275. On such a basis, the thickness of a monolayer of blood serum was 
found to be 35.0 x 10° cm. The length of the molecule of crystalline egg 
albumin was found to be 41.7 * 10-8 and, if its molecular weight is assumed 
to be 34,000 (Sorensen), and Millikan’s value for N, 6.06 < 102%, is taken, we 
find the square root of the cross section of this molecule to be 29.2 « 10-88 
Hence, it would seem to be oriented vertically. The same technique and calcu- 
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lation applied to a substance whose molecular weight is well known, such as 
sodium oleate, yielded the following figures: the minimum value of the sur- 
_ face tension occurs at 1/750,000, and the molecular weight is 304.35. The 
measured length of the molecule is found to be 12.3 X 10° cm., and the 
square root of the cross section, 6.8 & 10-8 cm.7 

If we compare these figures to the dimensions of the molecule of oleic acid, 
as given by Langmuir (length, 11.2 x 10°; square root of cross section, 
6.8 X 10°), we See that the diameter of the molecule is unchanged, but that 
its length is increased by 1.1 10° cm. When the length of insoluble 
organic molecules (oleic acid, tripalmitine, tristearin, cetyl palmitate, myricyl 
alcohol, etc.) is divided by the number of carbon atoms, the length per 
carbon atom is obtained. The mean value of this length, for 9 substances, 
is equal to 1.4 xX 10% cm. As the sodium oleate molecule may be dissociated, 
a double electric layer is formed at the surface of the water, the free Nat 
ions being energetically attracted by the powerfully negative film due to the 
identical orientation of the oleic-ions in the surface layer. The experiments 
reported above bring a strong proof of the existence of true solutions of col- 
loidal substances at high dilutions. 


Frc. 8.—Crystals of pure sodium chloride; 2 c.c. of a 0.9 per cent solution in a watch- 
glass. (First watch-glass to the left.) In all the others a small amount of saponin 
has been added to a 0.9 per cent NaCl solution. The concentration of saponin is 
1OrelOr 10s 0 andel0x: 


V. When a solution of NaCl (0.9 per cent) is allowed to crystallize in a 
perfectly clean watch-glass, the crystals are formed at the bottom and grow 
as evaporation takes place. ‘They finally assume the appearance shown in 
Text Fig. 8 (to the left). When a small amount of any colloid is added to 
such a solution, concentration in the bulk no longer takes place, large crystals 
are not formed, and the sodium chloride (or any other salt of the same kind) 
is deposited on the walls of the watch-glass in a thin, smooth, and often opaque, 
white layer of very small crystals (Text Fig. 8). At the bottom, a darker 
area with a few tiny scattered crystals indicates that concentration did not 
take place, and that the molecules and ions are first being adsorbed on the 
colloidal micellz, then carried up to the surface layer. As evaporation pro- 
eresses, the colloidal particles, with their adsorbed NaCl, are deposited on the 
olass in concentric beaches. At certain concentrations, periodic rings are to 
Be observed; at 1/100, for example, in the case of serum, and 1/1,000 for 
saponin and sodium oleate. The appearance of the crystals is quite charac- 
teristic of the concentration, and varies but little. Thus, in the case of a 
composite solution of colloids and crystalloids, Gibbs’ law, which states that 
substances tending to increase surface tension will concentrate in the bulk, no 
longer holds true. This observation has thrown light on the spontaneous 
creation of membranes at interfaces which was difficult to explain before the 
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discovery that not only colloids but also crystalloids concentrated in interfaces 
at the same time.* ; 

VI. When two colloids are present in the same solution, one of the factors 
governing the final surface tension of the solution is the adsorption equilibrium 
existing between the two. The following experiment will make this clear. 
If a trace of powdered sodium oleate (about 1/10,000 in weight) is added to | 
a less surface-active colloid in solution, such as proteins, gelatin, gum arabic, 
or metallic sols, the surface tension drops instantaneously by about 50 per 
cent, then immediately starts rising again until a certain equilibrium (which 
may be called adsorption equilibrium) is attained. In certain cases (pure 
blood serum, for example), the final surface tension is equal to the original 
value before the addition of sodium oleate. In order to observe this phe- 
nomenon, measurements must be made every 30 seconds, or at least every 
minute (Text Fig. 9). 

The curve representing the phenomenon is again a logarithmic one. Let 
us call A the relatively inert colloid to which the surface active colloid B is 
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Fic. 9.—Recovery of the surface tension of a colloidal solution (rabbit serum, pure) 
to which a trace of powdered sodium oleate was added. 


added. When B is added in solution instead of powdered, or when the solu- 
tion is stirred after its addition, the surface tension does not rise as high, as 
a greater number of micelle of colloid A are coated with colloid B. When 
powdered sodium oleate (A) is added without stirring, a relatively small num- 
ber of micelle of colloid B are heavily coated with A, and in time practically 
all of A is adsorbed on a few B micelle which either precipitate or collect in 
large aggregates with little action on surface tension. This buffing or antago- 
nistic action of colloids seems to be a general phenomenon. 


SUMMARY 


The use of an instrument allowing measurements of the surface tension of 
the same layer of liquids at very short intervals (15 to 30 seconds) made it 
possible to study the evolution of certain surface tension phenomena in func- 
tion of time, namely: 


_1. The spontaneous drop of the surface tension of all colloidal solutions, 
with the order of magnitude of 1 dyne per minute during the first minutes. 
This drop increases with dilution and shows a maximum at a given concentra- 


* On this phenomenon, see also paper by R. S. Liesegang, this volume. JUAS 
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tion, varying between 10-* and 10° generally. The drop may then reach 20 
-dynes for colloids such as blood serum and albumin, which were not con- 
sidered as acting powerfully on the surface tension of water. Certain colloids, 
saponin, for instance, do not show any drop at high concentrations but even a 
slight increase (107 to 10°). 

2. When such solutions are stirred, the surface tension rises. 

3. The existence of an accurate criterion of the existence of a monolayer 
at a well known concentration makes the calculation of the thickness of such 
_a layer possible. In the case of pure soluble substances (albumins, etc.), it 
gives the length of the molecule and, when the molecular weight is known, its 
cross section can be calculated. The length of the molecule of sodium oleate 
was found to be 12.3 & 10° cm. and its width, 6.8 & 10°? cm. The length of 
serum albumin was 35.0, and that of egg albumin 41.7 10° cm. 

4. The crystallization of sodium chloride solution, or other salts, is affected 
by even the presence of one-millionth part of most colloids, and large crystals 
do not form at the bottom of a watch-glass. On the contrary, as the ions are 
adsorbed on the surface, the NaCl molecules are deposited in fine crystals along 
the walls of the glass, and form periodic rings at certain concentrations. 

5. Evaporation of serum solutions in watch-glasses is slower at a dilution 
of 10% than at any other concentration. This fact is in favor of the assump- 
tion made in order to account for some phenomena reported above (1), 
namely, the existence of a monomolecular oriented layer at a given con- 
centration. 

6. When sodium oleate or any surface active colloid is added to another 
more inert colloidal solution, such as pure serum, for instance, the surface 
tension drops considerably, then rises immediately, and may reach its initial 
value in 7 minutes. 
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Surface Films as Plastic Solids 


By Ropert E. WILSON 


The theoretical and practical importance of surface films has long been 
realized, especially by those who have been working in the field of colloid 
chemistry. The great tendency has been, however, to consider the surface 
tension of the films and the concentration of the adsorbed constituents therein 
to be the only properties of the film which were of much importance. Recent 
work has shown, however, that variations in surface tension and concentration 
will not explain all the phenomena characteristic of solutions of colloidal sub- 
stances. Thus two aqueous solutions of equal surface tension may differ 
greatly in the amount and stability of the foam produced when they are shaken. 
The same is true with regard to the relative stabilizing effect of different 
emulsifying agents. 

Several British investigators? working several decades ago have demon- 
strated the existence of a rather high viscosity in the surface film. Upon 
consideration, however, it appears that even a high superficial viscosity could 
not account for the remarkable stability of some foams and soap bubbles. 
Thus Sir James Dewar kept large bubbles for nine months, taking precautions, 
of course, to prevent evaporation from the film. 

In order to explain these anomalies in the behavior of surface films of 
various solutions, the writer was led to conduct an investigation of the physical 
properties and thickness of various types of surface films. The results appear 
to be of enough interest and importance to summarize them briefly in the fol- 
lowing paragraphs.? 

By studying the rate of damping of a torsional pendulum, the lower disk 
of which was immersed in the surface, it was proven that the surface films of 
some solutions possessed the characteristics of plastic solids rather than of 
viscous liquids—in other words, their apparent viscosity increased rapidly as 
the rate of shear decreased, and there appeared to be a small but definite yield 
value which had to be exceeded before any flow whatever took place. 

Good foam producers, such as saponin and sodium stearate, were found 
to give very strong plastic solid films and very stable bubbles, while sulfonated 
oil solutions of similar concentration and surface tension gave fluid films and 
relatively slight, unstable foams. Sodium oleate was intermediate between the 
two groups. 

It was also found that the plastic solid films were of colloidal rather than 
molecular dimensions, and required a matter of hours to build up their maxi- 
mum of thickness and strength. Some films were shown to have a thickness 
as great as 50 microns. The building up of these films was followed in a 
variety of ways, the most interesting of which was to focus a micrometer 
microscope on the surface of a solution containing some very fine suspended 
particles, and then following the plane at which solidification took place by 
watching the sudden cessation of Brownian motion as the solidification pro- 
ceeded. 
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Solutions which form plastic solid films give erroneously high values for 
their surface tensions by the du Noity and presumably by other methods of 
_measurement, because the yield value of the plastic solid film is added to the 
true reversible surface tension. 

In the case of liquid-liquid interfacial films, such as are known to be 
present in emulsions, there was considerable evidence of a similar behavior, 
although the results were not so clean cut. It was possible, however, to form 
irregular and even sharply pointed drops of one fluid medium in another in 
_the presence of high concentrations of emulsifying agents which tended to 
give solid films. 

In the case of liquid-solid interfaces the formation of plastic solid films has 
also been demonstrated in a variety of ways in connection with the problem 
of lubrication. Here again the films were shown to be of colloidal rather than 
molecular dimensions and to partake of the properties of a solid rather than 
of a liquid. Certain types of films were found to be strongly adsorbed and 
yet had very little lubricating value, while other films, such as those formed 
by stearic acid, produced a marked lowering in the static coefficient of friction 
between metal surfaces. The property of a lubricating oil to produce such 
_adsorbed films and lower the coefficients of friction at slow speeds and under 
high loads is referred to as the “oiliness” factor of a lubricant and a variety 
of methods have been worked out for its measurement.’ 
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_ Molecular Association 


By Pror. W. E. S. Turner, 
The University, Sheffield, England 


Tue NATURE OF MOLECULAR ASSOCIATION 


Speculation and study in regard to molecular association, using the term in 
its broadest sense, have formed the basis of the most fundamental conceptions 
in chemistry and physics during the last one hundred and twenty years. The 
conception of atomicity by Dalton and that of molecules by Avogadro were 
both concerned with processes of association or chemical combination. The 
further exploitation of these theories, particularly of that of Avogadro, based 
primarily on a study of gases, and later its extension to solutions, furnished 
to chemists during the 19th century the data for building our knowledge of 
chemical constitution and of atomic and molecular association and reaction, 

Theories about the structure of the chemical elements are largely theories 
of association. Until past the middle of the 19th century, Prout’s theory, 
projected in 1815, that the elements were derived from hydrogen as unit, was 
the subject of almost continuous discussion until Stas’ precise work on atomic 
weights appeared to render the theory no longer tenable. Numerous modifica- 
tions of it have subsequently appeared, amongst which we may instance that 
of Harkins.1 

None of these newer theories, however, has claimed the attention which 
was fixed on Prout’s hypotheses ; for the human mind, in its craving for ulti- 
mate things, has in recent years received a measure of satisfaction in the 
results of the study of the electron and of radioactivity. Not only is-the 
electron regarded as the structural unit of matter, but the derivation of ele- 
ments of lower from elements of higher atomic weight has been explained as 
due to losses of a or B particles, corresponding, the former to a loss in mass, 
the latter to a change in electro-chemical character. In this way also, the 
existence of isotopes, slightly different varieties of the same element, has been 
recognized. 

The forces which cause these units of matter to associate or combine may 
in all cases ultimately be electrical in origin; but it is possible to distinguish 
qualities or degrees of power in them marking different types of reaction. 
It is customary, indeed, to speak of chemical forces and of physical forces, 
according as one is supposed to be dealing with chemical reactions, such as 
between oxygen and hydrogen, and between calcium hydroxide and hydro- 
chloric acid ; or physical, as in the case of the solution of common salt in water. 
As chemical reaction itself may vary in intensity over a wide range, the line of 
demarcation is not easy to draw. The process of solution is clearly accom- 
panied by the operation of chemical forces in those cases where the solute 
can crystallize out in union with definite molecular proportions of the solvent, 
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as in the case of salt hydrates; in many other cases, where combination is not 
demonstrated by yielding a crystallizable compound, solvation is believed to 
occur, either the molecules of the solute or its ions, or both, becoming sur- 
rounded by and attached to, an envelope of solvent molecules. 

The forces, which for convenience, we refer to as chemical, may expend 
themselves in stages. We now know, for example, that the oxidation of 
hydrocarbons passes through a series of stages. That of methane, for example, 
may be (1) CH.-+ O,=H.CH(OH),, (2) H.CH(OH),=H.CHO+ 
H.0, (3) H.CHO+0,=H,O-+ CO,. The formation of many, if not 
of most compounds, may proceed in steps. The production of the stable com- 
pound does not mean, however, that the whole of the forces of any or each 
atom of the compound are completely satisfied or neutralized by those of other 
atoms. Berzelius recognized this fact in his electro-chemical theory of matter, 
and regarded the compound formed as polar, with an excess of either positive 
or negative electrical forces. Theories of valency, especially in this century, 
recognize polar forces or residual or contra valencies. Such residual forces 
may, like the outer lines of force acting between two electrically oppositely 
charged bodies, stray off into space and be ready to attach themselves to those 
of other substances. 

_ A series of further actions and reactions, therefore, becomes possible. In 
the case of substances in which the ordinary valencies are supposed to be satis- 
fied, we get further combination, such as between CO, and metallic oxides like 
CaO, or between NH, and HCl or ammonia and water, followed possibly by 
rearrangement of the atoms within the new molecule. We may also obtain 
so-called addition compounds like the salt hydrates and alcoholates or the 

eriodides. 

. Another type occurs when two similar molecular entities such as NO, 
or H,O, unite to form larger molecules, such as N2O,., (H20)n; whilst a 
further type is seen in adsorption processes, as exemplified by the retention 
of small amounts of salts in colloids, the adsorption of small amounts of 
potassium permanganate by barium sulphate, the condensation of moisture, 
CO, and other gas films on solid surfaces, 

The reactions due to these residual affinities differ in strength but are all 
related. It is of interest to note that probably all are influenced by the presence 
or absence of moisture. The latter is essential to the reaction between NHs 
and HCl and possibly to many others also. The breakdown of molecular 
complexes formed of similar molecules, such as molecules of nitrogen trioxide, 
is achieved by the presence of minute traces of moisture.* The power of 
adsorption shown by silica gel appears to depend on the presence of at least 
a minimum amount of moisture, whilst the adsorption of carbon dioxide by 
glass takes place all the more readily the less durable the glass, an easily 
weathered glass being one in which adsorption of moisture takes place to a 

3 
oe % a araicn is so broad, the term molecular association as it is to be 
employed mainly in this paper needs delimiting. _For our purpose, it has ref- 
erence to the study of the variations in size which the molecules of any one 
substance can undergo without change of empirical chemical composition. In 
its broadest application, the molecular aggregate may be very large, may even 
indeed consist of a large crystal or of a globule or a micelle. At the other end 
of the scalé we have molecules of smallest possible size, such as those of zinc, 
cadmium and mercury vapor which consist each of a single atom of the 
element; or of sodium chloride and potassium iodide vapors having a molecule 
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corresponding to the simplest possible formula at high temperatures; whilst 
the molecules in sulphur vapor may range in size, dependent on the tempera- 
ture and the pressure,* from S, to S. 


Tue Forces Wuicu Mopiry MoLecuLar SIZE 


We are thus brought to consider the subject of the forces which either 
break down or build up aggregates of like molecules. The simplest known 
processes for breaking down matter in the piece is to disperse it either in the 
ether in the form of a gas or vapor, or to dissolve it in some liquid medium. 
In these cases we obtain what may be described as a homogeneous distribution 
of the material in exceedingly small particles throughout the medium and the 
number of molecular units which comprise such a particle is either unity or a 
comparatively small number. Moreover, the particles in solution are either 
probably all of a size, or, when there are particles of varying size, the range, 
in practically all cases, appears to be small. 

The other processes with which we are acquainted for procuring the dis- 
persion of molecular aggregates do not yield particles so small or so uniform 
in size as does the process of vaporization or of solution. A dispersal corre- 
sponding in a sense to gasification occurs when solid matter is disrupted as 
in a violent volcanic explosion, the result of which is to scatter dust in an 
exceedingly fine state of subdivision through the atmosphere where it may 
remain suspended for a long period. Other terrestrial forces, such as wind, 
may bring about dispersal of particles already produced by winnowing fine 
dust from coarser and carrying it to considerable elevations. Reversal of the 
process, namely, gradually increasing aggregation caused in some cases by 
the electrical state of the atmosphere, brings about a settling out, just as in- 
visible water vapor consisting almost-initially of single molecules, forms mist 
and rain by condensation. 

The formation of aerosols or smokes can be caused by various processes, 
including that of incomplete combustion. To quote a recent investigation, R. 
Whytlaw-Gray and J. B. Speakman, and J. H. P. Campbell have produced 
aerosols by the dissipation from electric arcs, of oxides of a number of metals, 
such as zinc, cadmium, aluminium, lead and magnesium. These aerosols in- 
itially contain particles of very varying size, including some of ordinary 
molecular dimensions. The average radius of the particles in the early stages 
was found to be 5 X 10° cm., with amicroscopic particles of radius 6 & 1077 
cm. with ZnO aerosol. Rapid settling out occurs, diminishing with time, until 
after 5 hours, the settling is slow. The particles may produce flock-like agere- 
gates in the case of certain oxides (ZnO, MgO, Al,O;) whilst others produce 
strings which, in an electrostatic field set themselves parallel to the field.® * 

In liquid media, dispersal may be obtained by precipitation. Clearly, this 
is a process of condensation, in which the particles, initially of molecular size 
in true solution, are caused to coalesce and assume either visible size, as in 
the case of coarse-grained precipitates, or ultramicroscopic size in the case of 
sols, as examples of which we have the gold and silver hydrosols. 

Dispersion in liquid media by a process similar to that used for obtaining 
the aerosols of metallic oxides is obtained by arc discharge under water, as 
in the formation of platinum hydrosols. i 

Fine grinding, especially in the presence of water, can lead to suff- 
cient reduction in size as to produce plasticity in a number of non-plastic 


* See paper by W. Gibbs, this volume. J. A. 


MOLECULAR ASSOCIATION 281 


materials, like zirconia. The colloid mill carries this process through on 
a scale so efficient as to afford a practical method of preparing colloidal 
substances.°® 

Dispersion in the sense of emulsification can be obtained by agitation of 
the medium and the substance to be dispersed, especially through the influence 
of an emulsifying agent. Nordland’? even obtained emulsions of water and 
mercury by shaking them together after the addition of a very small amount 
of potassium citrate to the water.* 

As in the case of the aerosols, so also in the liquid sols, the size of the 
particles in the average sample varies widely, very large and very small par- 
ticles being present. Sulphur, precipitated by the action of H,S on an aqueous 
solution of SO, yields aggregates of widely varying size,® and the same is true 
of gold and other sols; but the actual range of sizes can be controlled by the 
concentration of the solution and by the action of electrolytes. 


MeEtTHOoDs oF MEASURING THE SIZE OF MOLECULAR AGGREGATES 


Having obtained a substance in a dispersed state, whether it be in the state 
of true solution or in the colloidal state, the question arises as to the methods 
by which the size of the dispersed molecules or particles may be measured. 
So far as colloids are concerned, the subject is dealt with in detail in other 
chapters in this volume where descriptions are given of methods of ultra filtra- 
tion, ultramicroscopic and light scattering methods, including X-ray examina- 
tion. 

The connection between the ultramicroscopic particle and the molecule in 
its ordinarily accepted sense appears to have been established as the result of 
the study of the Brownian movement, the rate of diffusion and the rate of 
settling of particles in sols and the test as to whether the formula for the 


kinetic energy of a molecule, namely, 3/2 a applies to sol particles. The 


value of N, known as the Avogadro constant, has been calculated to be 
6.06 < 1078, whilst Svedberg,® from diffusion experiments on a gold sol found 
N = 5.8 X 10? and Perrin *° obtained good agreement between the observed 
number of particles of gamboge distributed over planes at different heights in 
the suspension and the number calculated on the assumption that the above 
formula applied to them. The molecules in true solution and the particles in 
sols are, therefore, regarded as obeying the same laws and only being differ- 
entiated through size. 

In studying the molecular size of substances in the state of vapor or in 
solution, the method adopted is based on Avogadro’s hypothesis. In the state 
of gas or vapor, the relative molecular weight is obtained by a comparison 
of the density of the substance with that of oxygen; whilst, in solution, our 
problem is to determine what weight of the substance, dissolved in 22.4 liters 
of solution, will produce at 0° an osmotic pressure of 1 atmosphere. 

Very few measurements of molecular aggregation in solution have been 
obtained by a direct determination of the osmotic pressure. In most cases, 
the result has been obtained indirectly, by measurement of the diminution of 
vapor tension or rise in boiling point, or the lowering of freezing point. In- 
deed, the methods most frequently adopted have been rather of an empirical 
character relying on Raoult’s laws of solution. 


* Henri Moissan found that on adding a little platinum to mercury, the metal would emulsify 
when shaken with water. J. A. 
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MoLEcuLAR ASSOCIATION AND THE FACTORS WHICH INFLUENCE IT 


As the main object of this article is to indicate the bearing of what we 
know about molecular association on colloidal phenomena, the author proposes 
to limit the discussion of the subject to gases or vapors and to solutions. 
Consideration of the liquid state is omitted.™* : . ; 

We propose to illustrate the fact that the molecular weight to be ascribed 
to a substance is subject to a variety of factors, namely, the nature of the 
substance itself, the nature of the solvent, the temperature and the pressure or 
concentration. : : 

The behavior of the chemical elements when vaporized admits of fairly 
ready classification. The molecular weight, determined by comparison of the 
vapor density with that of oxygen, indicates that the molecules of the elements 
of Group O in the Periodic Table as well as those of such metals as have been 
tested consist of but a single atom, their molecular formule over the range of 
conditions to which they have so far been subjected, being correctly expressed 
by He, Ar, Ne, Xe, Ag, Zn, Cd, Hg, Th and Pb. The metalloids, on the 
other hand, arsenic, antimony and bismuth, have complex molecules, the com- 
plexity decreasing as the metallic characteristics are developed. Thus, whilst 
the values of the molecular weight of arsenic at 1700° were observed by 
Biltz and Meyer to be between 153.2 and 160.1, corresponding approximately 
to As2, those for bismuth at 1640° were 214-244, or little more than corre- 
sponds to the formula Bi. The series may be completed by reference to phos- 
phorus, in the same Periodic Group, which, between 800°-1700° has given 
molecular weight values varying from 111.3 to 92.1, or P, to Ps. 

The permanent gases other than those of Group O, namely, oxygen, hydro- 
gen and nitrogen have diatomic molecules over the whole range so far tested, 
a range of 2000° not being sufficient to cause change. Increase in the atomic 
weight is often accompanied by a tendency to simplification of the molecule. 
Thus, whereas chlorine between 0° and 300° appears to contain a mixture of 
Cl, and Cl, molecules, mainly Cl,, and shows but slight indication of dissocia- 
tion of the diatomic molecule at 1450°, the molecular weight of bromine at 
1050° is but 150.5 (instead of 179.8 for Br.) and that of iodine changes from 
254 to 144 between 650° and 1400°. In the case of sulphur, we have an 
element of complex molecular formula, approximately S, at a temperature just 
above its boiling point, reduced at 1690-2023° to between S, and S. 

Amongst compounds, some apparently have molecules of simple type, cor- 
responding to the simplest possible formule, as, for example, NaCl, KCl, 
ZnCl,, ZnBr., HgCl., PbCl., CrCl; and CrCl, whereas in other cases, the 
molecular weight at the lower temperatures investigated, indicates a double 
molecule, such as HgCl,, AgoCl., Al,Cle, Al,Big, Alo, FesCle, H2P20., N2O,, 
N2O¢, PsOve, PsOr0, ASsOg, and SbsOs. Water vapor contains a proportion 
of double molecules. With rise of temperature, in those cases investigated, 
the double molecule undergoes progressive dissociation. Thus, for arsenious 
oxide, the molecular weight at 518° corresponds closely to As,Og whereas it 
is practically As,Os at 1800°. 

Reduction of pressure favors dissociation. At 850°, sulphur vapor at 100 
mm. pressure contains a mixture of S, and S molecules whereas rise of tem- 
perature alone does not appear to bring about a similar reduction until 1600°- 
1700°.** ‘The proportion of P, molecules in phosphorus vapor at 1300° also 
progressively increases from about 60 per cent to 89 per cent as the pressure 
falls from 760 mm. to 100 mm. 


MOLECULAR ASSOCIATION 283 


_ A further factor which influences molecular association not only in a pure 
liquid, but also in the state of vapor, is the presence of water even in minute 
amounts. H. B, Baker ** has shown that not only may the melting point of 
sulphur, bromine, sulphur trioxide and benzene and the boiling point of nitro- 
gen peroxide, nitrogen trioxide, methyl alcohol, benzene and ethyl ether be 
raised very substantially by rigorous drying for a period of years, but vapor 
density determinations made on ether and on methyl alcohol dried for 10 
years indicated that the changes of boiling point were to be ascribed to the 
formation of more complex molecules both in the liquid and in the vapor. 
The vapor density of the rigorously dried ether was found to be 81.7 instead 
of that which corresponds to (C,H;).O, namely, 37, whilst instead of 16, the 
value for methyl alcohol corresponding to the simple formula CH,OH, 45 
was the experimental result. The latter figure would seem to indicate the 
existence of molecules of formula (CH;OH)s. 

When benzene, dried for 10 years, was boiled, the thermometer when 
immersed in the liquid registered a temperature for the boiling point in excess 
of 105° (instead of 80°) whilst in the vapor, the temperature initially was 81° 
but rose to 87° at the close of the distillation. It is clear that the molecules 
constituting the liquid must either undergo dissociation or that the liquid is a 
mixture from which the simpler molecules distil first leaving portions of 
greater molecular complexity. In any case, it is an obvious deduction that 
dissociation occurred on passage from the liquid to the vapor state since at no 
stage of the distillation did the temperature of the vapor approach within 18° 
of that of the liquid. 

Smits +4 has been led from these observations of Baker to a study of dried 
sulphur trioxide and phosphorus pentoxide in the solid state, and from the 
variation of vapor pressure during distillation together with the fact that 
melting takes place over a range of temperature, finds evidence that these 
substances (probably like the substances dried by Baker) are complexes in 
which the different molecular species may conceivably form mixed crystals 
with one another. Dynamic allotropy, arising from the conversion of one 
molecular complex into another, has previously been exemplified by liquid 
water and liquid sulphur and phosphorus.*® Smits’ work extends the idea to 
solids. 

Passing on now to the subject of molecular sizes determined from a study 
of liquid solutions, the metallic elements dissolved in mercury or in tin appear 
to have molecules of atomic size in those cases in which combination does not 
occur between solvent and solute. Of the non-metallic elements, phosphorus 
and sulphur, in solution in carbon disulphide, and selenium in phosphorus are 
the only examples found having molecules greater than diatomic. Even in 
dilute solution, namely, 1.58 grams per 100 grams of carbon disulphide, the 
observed molecular weight of phosphorus was found by Beckmann to be 129 
(P, = 124) increasing progressively with concentration to 170 at 18.86 grams 
per 100 grams of solvent. Similarly for sulphur the molecular weight over the 
range investigated corresponded to a molecular size of between Ss and Sj. 

Several oxides have been investigated, including water, the oxides of nitro- 
gen, boric oxide, arsenious and arsenic oxides, and it has been found that 
nitrogen peroxide in acetic acid and arsenious oxide in nitrobenzene have 
molecules corresponding rather to N,O, and As,O, respectively than to 
the simple NO, or As,Os, whilst the existence of molecules greater than 
corresponds to the formula H,O is also indicated in a number of investi- 


gations. 
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The actual molecular weight determined depends on a series of factors, 
just as does the molecular size in the state of vapor, and it is more satisfactory 
to deal with the subject from the point of view of these factors. 

The molecular complexity depends, as above stated, on the nature and 
constitution of the substance in solution, on its concentration, on the tem- 
perature, and finally on the solvent itself. ; 

The influence of the first factor is best illustrated by the organic com- 
pounds. Certain groupings in the molecule of these compounds appear to 
confer the power of forming molecular complexes; thus, the alcohols, phenols, 
carboxylic acids, amides, anilides, oximes in particular are liable in certain 
classes of solvent to have complex molecules, such, for example, as ben- 
zoic acid, acetic acid, acetamide when dissolved in benzene or ether or chlor- 
oform, 

Electrolytes in solvents of low dielectric constant may form complexes 
several times the mass of the simple formula weight. For example, triethyl- 
sulphonium iodide, (C.H;), SI, was found to give, in chloroform solution, for 
the range 5.7 to 12.5 per cent concentration, molecular weights ranging from 
1765 to 2951, the highest number being twelve times approximately the value 
corresponding to the formula.1* Both Walden and Turner have investigated 
a very large number of salts in solution and shown them to have the power 
of forming large molecular complexes. 

An increase of concentration should, like rise of pressure in the case of a 
gas or vapor, favor the formation of complexes. Experiment fully bears out 
this effect, but the rate of variation of the molecular weight, even in any one 
solvent, varies with the substance ; thus, ethyl alcohol shows a molecular weight 
progressively increasing from 64 to 148 for solutions in benzene ranging from 
1.2 to 16.4 grams per 100 grams of solvent. On the other hand, acetic acid in 
the same solvent and for the concentration 0.34 to 14.1 grams per 100 of 
solvent, the molecular weight changes only from 100.8 to 123.6, that is to say, 
from a value somewhat less than corresponds to (CH;.COOH),. to one a 
little more than the double formula weight. In other words, the increase of 
molecular complexity with increase of concentration varies from substance to 
substance. It has been suggested by certain workers, for example, by Auwers 
in connection with the aromatic acids, and by Wedekind and Paschke in con- 
nection with salts, that the double molecule represented the upper limit of 
complexity. Extended investigations, however, do not appear generally to 
justify these contentions. 

In regard to the influence of temperature, comparatively few data are 
available, but in benzene as solvent benzoic acid at 5.5° has a molecular weight 
of 233, whilst at the boiling point, 80°, the value is 193. Again, in acetic acid 
at the same concentrations tetraethylammomium bromide !* has an association 
factor of /li6s:atehie? vandi2.51 atelG.G: 

The nature of the solvent very largely determines the molecular complexity 
of the substance dissolved in it. This influence may be of a definite chemical 
character leading actually to compound formation. In such cases the interpre- 
tation of the results of determinations is not always easy to give, but the 
various types of result have been classified by W. E. S. Turner... In cases 
where combination is not known to occur the all important factor is the dielec- 
tric constant of the solvent.* In very general terms it may be stated that 
molecular association is hindered in solvents of high dielectric constant and 
permitted in solvents of low dielectric constant. Indeed, for any particular 

* See paper by J. Errera, this volume. J. A. 
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substance at a fixed temperature and concentration the molecular complexity 
of those substances which have any tendency to complex molecules is a func- 
tion of the dielectric constant. 

In the case of organic compounds this statement may be illustrated by 
reference to the work of Meldrum and Turner *® on the amides and anilides, 
the following table summarizing the results for five different solvents: 


Solvent Alcohol Acetone Chloroform Ether Benzene 
No. of amides investigated .......... 28 27 22 14 21 
No. of amides which form simple 
TMOACWAS See S ORR eR Eee ae 24 20 4 5 4 
No. of amides which form associated 
ANIGICCULES e aeNc Neots ce le 4. i 18 9 17 
- Dielectric constant of solvent ........ 18.0 17.0 4.13 4.12 23 


at 78° at 56° SGI A? eye sia? at 80° 


In like manner the molecular weight of acetic acid and of benzoic acid in 
a variety of solvents increases as the dielectric constant of the solvent dimin- 
ishes. The connection in these two last cases is to be regarded as general 
rather than quantitative, especially in view of the fact that benzoic acid appears 
to be associated to a marked degree in water. 
The same general connection between the dielectric constant and the degree 
of molecular complexity is shown by electrolytes. The following table, con- 
taining the results for two electrolytes, will suffice to give an indication of 
the nature of the relationship, the electrolytes selected being diethylammonium 
chloride and tetrapropylammonium iodide. The concentration of the solution 
selected as standard is that of a comparatively dilute solution. 


Degree of Association at Conen. 
25 Milligram Mols. per 100 C.C. 


Temp. of Dielectric 
Solvent Expt. Constant (CoHs)eNH2Cl (CsH,7)4NI 
\WENIGD) Ss ite Ara A eee io Mire eet 100.0° 66.0 0.61 0.65 
EO TATITCMRCICIC MPeitie ee hiss cie-o ele -te= "ye 16.0° 58.5 0.68 0.73 
INMENODENZENE! chieicsentss = fy asses > « 6.0° 40.0 pid 0.81 
PNGELOMLTI he cess aeteejacs toriasstetacs, ve eiees 87.5° SIL 1.68 0.60 
TEL nat f2i (eto) 00) Weranirnty chs Olina clo rcaictoiors 78.0 18.0 1.00 0.98 
EXCOLONIOMIEE ra chmee ct sitioe tien dantes 6 56.0° 17.0 = 1.15 
Sribplaybie aberstaly $5 amenden soem oon 20.0° 14.0 1.41 a3 
USSR. chogwolemcaee son amoorer 60.0° 13.6 1:27 1.09 
IPO) cee aes Reece ae 48.0° 9.7 1.24 1.34 
[PArgeieltiats\; “alates mice trauma ec 116.0° 9.5, 1.83 == 
Dimethylethylcarbinol ........... 102.0" 7.9 1.24 as 
INGGIES EXertil BOs Aces Sos HS 19.0° 6.3 1.63 wr 
ASR ATVI Al CONOle i ratyeeyeste lence -1. 132.0 SY, 1.48 ZAZ, 
MUN OMA ITE wee teins state acess yete. oe) «1+ 6. «, 440° 5.4 1.55 1.33 
BLOMOLOLMM teeters ss 8.0° 4.58 3.03 ae 
G@hilorotonin Wich ecg dete a6 61.2° 4.13 2.53 4.20 
Diphenylamine) «0012.00. 3s sis. 52.0 op) 1.98 4.46 


Some of the association factors are influenced by chemical action between 
the solute and the solvent, but in general it is clear that in solvents of high 
dielectric constant there is marked dissociation, whilst in solvents of low 
dielectric constant there is pronounced association. Which of the two phe- 
nomena will be observed, namely, electrolytic dissociation on the one hand 
or the formetion of large molecules on the other, depends on the influence of 


the solvent. 
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Tue MoLecuLar CoMPLEXITY OF COLLOIDAL SUBSTANCES 


Part of this paper has been devoted to indicating that it is possible to have 
a succession of particle sizes ranging from that which corresponds to the single 
or simple molecule, such as we have in many cases of ordinary solution, right 
up to large size particles, the identity and approximate size of which can be 
determined by processes such as ultrafiltration, or by the ultramicroscope. 
The studies of Perrin and of Svedberg, to which reference has already been 
made, appear to indicate that such gradation of sizes actually occurs without 
break. In other words, colloidal solutions are continuous with what we may 
describe as true solutions. 

The results discussed in the preceding section indicate the difficulty of 
attempting to ascribe a fixed formula to many substances since the size of the 
molecule depends on quite a number of factors, and it is impossible to pre- 
scribe a standard set of conditions under which the molecular size of different 
substances can be measured. The writer has previously indicated ** that in 
colloidal solution phenomena are observed which may possibly with profit be 
compared with those described in the preceding sections. Molecular weight 
determinations carried out with colloidal substance in water such as the fol- 
lowing, based on diffusion experiments, clearly indicate very high values.?® 


M. Wt. 
Gump arabice reese senieacen ce en eee te teks 1,750 
‘PAannicwacid cy tae .aia kets Meroe tetas ete are hare teas 2,730 
Heoalbumen titers acst-foics oo cinerea ha creel 7,420 
Caramelteeadicancsut font mh clacie aa ineierniccnt: 13,200 


It is very interesting in this connection to recall the behavior of certain amides 
and anilides which were found by Meldrum and Turner ?° to possess excep- 
tionally high molecular weight in water, and therefore, to be an apparent 
marked exception to the rule connecting molecular weight and dielectric con- 
stant; and the somewhat similar results obtained by Peddle and Turner ?? 
according to which they showed that out of 28 organic substances examined, 
16, including butyric, benzoic and salicylic acid, several phenols and amines 
were distinctly associated even in dilute aqueous solution. Although not true 
of all cases, it was found that only weak solutions could be obtained of a 
number of the substances which exhibited marked association in water sug- 
gestive of such substances as ferric hydroxide, silica, white of egg, etc., which 
are insoluble in the ordinary sense in water, and apparently give rise to large 
molecular aggregates. 

In this same connection we may consider the influence of the dielectric 
constant of the solvent. Many electrolytes which are readily soluble in water 
and have an apparent molecular weight in aqueous solution much smaller than 
corresponds to the formula weight are insoluble in solvents of low dielectric 
constant. Those electrolytes which do dissolve, such as the salts of organic 
ammonium bases, give rise to molecular complexes. Other electrolytes, how- 
ever, which do not yield ordinary solutions may be made to produce colloidal 
solutions, such, for example, as of sodium chloride in benzene. The colloidal 
particles in such cases may be regarded as corresponding to great molecular 
complexity, and precipitation occurs when the complexity reaches a certain 
limit. 

More recently somewhat similar views have been expressed by Walden 2? 
in connection with some determinations of degree of association of binary 
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salts in different solvents. He pointed out, as the writer had previously 
shown, the successive increase in the degree of complexity of binary electro- 
lytes with diminution of dielectric constant of the solvent.. An extreme case 
occurred with tetra-amylammonium iodide dissolved in benzene and in carbon 
tetrachloride, the dielectric constant of these two solvents being 2.3 and 2.2 
respectively. It was found that tetra-amylammonium iodide scarcely produced 
any appreciable rise of boiling point even in a 14 per cent solution, so that 
the molecular weight of the iodide must be exceedingly great. In his view 
solvents with dielectric constant of a value about 2 may be said to exercise 
a protective action on highly complex molecules and to maintain them at a 
size which is characteristic of colloids. 

At the present stage of our knowledge it would be well to leave the fore- 
going remarks as suggestions rather than as definite statements. 

A further suggestion may be made, however, namely, that it should be 
possible to link up the phenomena of colloids and of ordinary solutions by 
ultramicroscopic or by X-ray study of solutions of substances which form 
complex molecules in solvents of low dielectric constant. This is a field of 
investigation which, so far as the writer is aware, remains yet to be entered. 
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Puta So Pols 


Friction, Surface Energy, and Lubrication 
Sir W. B. Harpy, Sec. R. S. 


Two kinds of friction may be distinguished, the internal friction of fluids, 
usually called their viscosity, and the surface friction of solids, which, in con- 
trast with internal friction, might be called external friction. 

External friction is the resistance to relative motion which two solid faces 
in contact offer ; it is the reaction to the traction on the interface, and there are 
two kinds, kinetic and static, according as the traction does or does not cause 
slipping. 

Consider an external force applied to one of two masses in contact and 
growing gradually from zero. The tangential component produces a displace- 
ment at the interface which, though insensible in magnitude, brings into play 
elastic forces equal and opposite to itself, until a point is reached beyond 
which the forces evoked do not suffice to balance the traction, and slipping 
occurs. This point is a true yield point, and it is the point at which the elastic 
forces of reaction are at their maximum. Slipping cannot increase them 
unless the state of the material about the plane of slip is altered by the heat 
generated in the recovery from the strained state. 

The position of the plane of slip seems to vary. It is in the solids when 
the faces are clean, and the faces themselves, therefore, are torn when slipping 
occurs. It is in the lubricant when the static friction is lowered sufficiently. 
Perhaps the true distinction between a lubricant and an abrasive is that the 
latter places the plane of slip within the solids. 

External friction is subject to a law, formulated by Amontons in 1699, 
according to which the resistance to relative motion is independent of the 
area of the applied surfaces, and varies directly with the force, called the 
load, which presses them together. 

Amontons’ law may be put: For the same solids and the same lubricant, 
the tangential reaction (friction) per unit area is dependent only on the pres- 
sure. We now see why the area disappears. It occurs on both sides of the 
equation and cancels out. No simple explanation of this law is forthcoming. 
Like Hooke’s law it is probably one of those laws of average values which 
mask the innate complexity of matter. It may perhaps be taken to mean that 
the reaction to the tangential stress includes a dilatation along the normal to 
the interface which is a constant fraction of the total strain. 

In 1781 Coulomb confirmed the law and accepted Amontons’ explanation 
of friction as being due to the engaging with one another (l’engrainage) of 
the asperities of the surfaces. This view still holds the field—it is still the 
orthodox view of the text book. At the limit it means that the free surfaces 
of solids are frictionless, a conclusion repugnant to modern conceptions of 
matter. Until near the end of the last century the most carefully polished 
surfaces were supposed to have somewhat the same kind of relation to the 
surface of a liquid that a ploughed field has to the most delicately polished 
mirror. Rayleigh,® and later Beilby, showed that a polished surface is free 
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from such asperities as are here postulated. It is indeed formed by a true 
flowing of the material of the solid. 

The origin of the forces which constitute the reaction of the surfaces is 
to be sought elsewhere than in the interlocking of material asperities. It is 
to be found in displacement of the centers of mass of the atoms, and in their 
rotation. At all surfaces there is a field of attraction like that which holds 
a drop of water to the end of a glass rod against gravity. When two surfaces 
are brought together there is mutual attraction. It is to this attraction that 
friction is due. 

Consider two atoms on either side of the interface. They will attract one 
another and a tangential force applied to one of them will move its center of 
mass and also rotate it, and be resisted by the forces evoked by these dis- 
placements. The total reaction is the sum of all these individual reactions. 

Friction is thus seen to be a phenomenon of particulate matter. There 
would be no friction at a surface between masses each of continuous homogene- 
ous attractive matter. There would in general be static but not kinetic fric- 
tion between two particulate masses whose particles were held in a lattice 
frame both regular and rigid. There would be both static and kinetic friction, 
however, if the lattice were elastic, for then relative motion would maintain 
a state of strain whose energy would always be in process of dissipation as 
vibrations of the particles. 

The orientation of atoms and molecules is of peculiar importance in sur- 
face phenomena, because at surfaces the configuration of the atoms differs 
from that obtaining in the interior. In the interior of a crystal of ice, for 
example, each oxygen atom is surrounded by four hydrogen atoms and each 
hydrogen atom is attracted by two oxygen atoms, the former having given up 
their valency electrons to the latter. This disposition cannot hold at the 
surface where there must be oxygen atoms with less than four hydrogen atoms 
or hydrogen atoms bound to less than two oxygen atoms. 

An atom at a free surface is attracted only in the inward half of a sphere 
described about it, whereas the attractive forces acting on an atom in the 
interior are distributed throughout the whole of a circumscribed sphere. There 
may, therefore, be said to be an excess of attraction at the surface the total 
potential of which, with the excess of heat in the surface layer, constitutes the 
surface energy. C 

The condition of least potential of a free surface is that the configuration 
should be such as to make the external attraction field as small as possible. 
The field may be taken to be less than that of an interior surface freshly laid 
bare by fracture. Whatever its relative strength, however, it is sufficient 
forcibly to attract other forms of matter—to condense vapors on to the sur- 
face, and to hold fluid against gravity. Why then do not two faces of similar 
matter, ¢.g., two crystals of iron or of salt, weld when pressed together? 

The answer is difficult. It is usual to rest content with vague references 
to the presence of a cushion of condensed gas which prevents contact. Prob- 
ably three things are concerned. The cushion of gas, the layer of insensible 
thickness of material condensed from the atmosphere or derived from con- 
tact with other bodies, and the fact that the superficial configuration of the 
atoms of a solid differs from that obtaining at any imaginary surface in the 
interior in a way which reduces the attraction along the normal, the “free 
attraction, to a minimum. 

If friction be the sum of the tangential components of the resistance to 
displacement and rotation of atoms and molecules at or near the interface, 
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it should bear some relation to the attraction along the normal to the inter- 
face, for that also will depend upon the configuration. There is direct evi- 
dence of this. Budgett? found that the force required to pull asunder steel 
plates which had been pressed together depended upon the nature of the 
contamination which had been applied to the faces. His breaking loads were, 
water 36, paraffin 26, and olive oil 19. The coefficient of static friction of 
steel faces lubricated with these substances is in the same order, namely, 
water .75, paraffin .4 and olive oil .07. 

The film of contamination which covers solid surfaces, or at any rate the 
grosser part of it, can be removed by special treatment which varies for each 
individual substance, and the surfaces are then left clean. A “clean” sur- 
face, for reasons already stated, cannot be considered the same as a surface 
freshly exposed by fracture. Steel fractured under mercury is said to amal- 
gamate. A “clean” surface of steel will not amalgamate. 

Though the nature of a clean face is unknown, whether for instance, it is 
or is not always covered by a layer of condensed gas, it is a perfectly definite 
state in that it can be reproduced at will and identified by the friction. Plates 
of a certain kind of glass, for example, were “clean”? when the coefficient of 
friction was .94, of steel when it was .74. No procedure would raise the 
friction above these values. 

Clean faces not only have the highest static friction obtainable—they seize 
together and the cohesion of the original surfaces is stronger than that of 
the interior of the solids themselves which are therefore torn when relative 
motion occurs.” 

All the experiments the results of which are described below were carried 
out with clean faces in pure air. It is not sufficient to remove the water 
vapor and greasy matter, care must be taken also to remove even the vapor 
of sulphuric acid if this be used to absorb water vapor. 


Most substances will spread over a clean surface of water. A tiny drop 
of, for example, oleic acid or benzene flashes over the surface as a film which 
drives floating particles before it. When a substance such as benzene or 
octane is poured over a clean surface of limited area so as to form a layer 
about a millimeter in depth and the air space over the water covered in so 
that it may become saturated with the vapor, the continuous sheet will be 
seen to break in places leaving open spaces which increase in size and fuse,- 
until, in a brief while, there is left a lens of benzene or octane surrounded 
by a surface of water covered by a film of insensible thickness. There is, 
therefore, a natural plane of cleavage in a fluid spread on water, which is at 
an insensible but finite distance from the surface of the water. 

The film left on the surface of the water when the excess has gathered 
into a lens I will call the primary film; and the surface itself a composite 
surface since its physical properties are neither those of a surface of benzene 
nor of water. A primary film may be defined in various ways: its vapor pres- 
sure obviously is equal to that of the surface of the lens and, as the curva- 
ture of this is slight, it is sensibly that of the vapor saturated at the par- 
ticular temperature; the tension of the composite surface which it covers is 
sensibly equal to that of the sum of the surface tension of the pure substance 
(e.g., benzene) and of the interface between it and water; finally the surface 
of natural cleavage mentioned above which encloses the primary film is placed 
where the attraction of the fluid for itself is equal to its attraction for the 
water on which it lies. 
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Spreading also sometimes occurs over the clean face of a solid to form 
a primary film in equilibrium with a lens and saturated vapor, and this gives 
yet another definition of a primary film, namely, that it is the film which 
Sives the lowest value for static friction attainable without special treat- 
a (see later on polishing) with that particular lubricant, on that particular 
solid. 

The only layer of a fluid lubricant which can maintain itself against a 
normal pressure (it being always understood that the lubricant is a single pure 
chemical individual) is equal in thickness to two primary films, one belong- 
ing to each solid face. The only proof which need be adduced here is that 
when the slider has a curved face, the static friction is the same when the 
surfaces are flooded with the lubricant as it is when they are covered only by 
an invisible primary film formed by spreading from a drop or by condensa- 
tion from the saturated vapor of the lubricant. When the surfaces are flooded, 
the excess lubricant is squeezed out until the two primary films alone remain; 
the static friction is therefore independent of how the lubricant is applied and 
of the quantity present provided there is sufficient to form a primary film over 
each face. The friction here referred to is however the steady value attained 


0 B 


| CURVED SLIDER 


| eee 


PLANE SCIDER 


PRESSURE 
Fie. 1: 


after the solid faces and the lubricant have come into equilibrium when the 
“Jatent period” of changing values has come to an end (see below). 

It should be noticed that the method of spreading over a solid is differ- 
ent from what it is over water. In the latter case a drop expands over the 
surface, in the former the drop seems unable directly to expand and the 
primary film is formed from its vapor. Chemical individuals with no sen- 
sible vapor pressure have been found not to spread over a solid face.°® 

The primary film is the seat of those boundary conditions in lubrication 
referred to by Osborn Reynolds, and characteristic of “dry” or “greasy” 
faces. It is interesting to enquire whether they are limited to that layer. 

Experiments with a slider whose bearing surface is plane, prove that they 
are not so limited. Figure 1 shows a curve, not to scale, of w plotted against 
the pressure—that is the load divided by the area of the bearing face. The 
portion ABC refers to a plane slider; the portions D and E, to a slider with 
curved face; and the scale of pressure is supposed to be broken between C 
and D, in order to bring the relatively enormous pressure under a curved 
slider on the paper. 

Over AB, Amontons’ law does not hold. Over DE it holds rigidly so 
far as the most exacting measurements show. There are therefore two states 
or stages in boundary lubrication, and the mechanism whereby the friction 
is adjusted io the load; is different in the two. In the first, which holds over 
AB, the layer of lubricant is maintained in place by those ordinary capillary 
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forces which cause fluids to rise between two solid plates. Here the layer 
is many molecules thick, and the steady state is one in which capillary pressure 
balances the load. As the layer thins under increasing load, the friction rises, 
but not so fast as the load. Therefore the coefficient 4 (= friction + load) 
falls. 

In the region BCDE, a layer of lubricant of great mechanical stability 
has been reached. Friction is no longer adjusted to the load by squeezing 
out lubricant, but by the elastic force between atoms. 

When the load is varied, there is always a lag or latent period along AB, 
before a steady state is reached, which may amount to hours and in which 
the friction rises if the load has been increased and falls if it has been de- 
creased. There is often a latent period in the region BCDE, but the lag is 
then due solely to variation in the degree of orientation of the molecules (see 
later). 

Stanton ** has proved by experiment that lubrication is still complete when 
the layer of oil is no more than 1.18 pw in thickness. Such a layer would 
however be about a thousand molecules deep, and, therefore, give ample scope 
for the variation in thickness mentioned above. 


The following results were obtained by a slider with a spherical face rest- 
ing on a plane surface, and enclosed in a chamber which was flooded with air 
carefully freed from all vapors. 

Amontons’ law was found to hold rigorously for a fifty-fold increase of 
load. The coefficient of friction 4 was independent of the radius of curva- 
ture of the slider, of the load, and therefore of the area of contact. It was 
also independent of the temperature over the range investigated, namely, 
15° C. to 110° C. Certain peculiar temperature effects at or about the melt- 
ing points of solid lubricants, though of interest in themselves, need not delay 
us here as their theoretical importance is slight.® 

The value of the coefficient of friction was found to be a function of 
only two variables, the nature of the solid faces, and the chemical nature of 
the lubricant. Within the same chemical series it was found to be a linear 
function of molecular weight. Putting on one side certain experimental com- 
plications, the solid state of the lubricant had no special significance; that is 
to say there was no break in the curve relating to molecular weight when, 
with increase in the latter, the members of a chemical series became solids. 

In chain compounds and the simple ring series, benzene, naphthalene, 
anthracene, uw decreases as molecular weight increases and, as the relation is 
linear, the curve would if prolonged cut the base line of no static friction. 
Where it has been possible to test this expectation, it has been fulfilled,® 
that is to say the smallest force which it was possible to apply produced 
slipping. 


It was possible with the apparatus used to apply a fluid lubricant to the 
clean faces in any one of three ways, namely, by placing the slider in a pool, 
by allowing a primary film to spread over the surfaces from a drop placed 
near one edge of the plate, or by passing the vapor of the lubricant into the 
chamber. 

The last two methods were available only for those substances with a 
sensible vapor pressure, since, as has already been noticed, a drop does not 
expand over a solid face as it can over a fluid face, but spreads by con- 
densation of its vapor.° The coefficient of friction was always found to 
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be independent of the method of application, provided the air space was satu- 
rated with the vapor. : 

_ Solid lubricants were smeared on the faces or deposited from dilute solu- 
tions in ether. Microscopical examination of the surfaces showed that the 
superficial layers of even a solid lubricant fracture under the weight of 
the slider so that only a primary film remains; therefore, save when a hard 
crystallized layer was formed, the value of was normal in that it fell on 
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an extension of the curve for fluid members of the series. It may be con- 
cluded, therefore, that there is a plane of cleavage enclosing a primary filin 
in solids as well as in liquids when applied to a solid face. 

Normal paraffins, acids and alcohols.—The values of w for these substances 
on glass, steel or bismuth are given in Table I (Figures 2 and 3). 

The figures for glass surfaces are plotted against molecular weight in Fig. 
2, and the figures for the paraffins alone on surfaces of glass, steel and bismuth 
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in Fig. 3. The curve in every case is a straight line and the effect of changing 
from one solid to another is merely to shift the line parallel to itself. The 
equation, therefore, is 


u=b—aM (1) 
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where M is molecular weight and a and b are parameters. The parameter a 
is independent of the nature of the solid faces and a pure function of the 
chemical type of the lubricant. The parameter b is dependent both upon 
the nature of the solid faces and upon the chemical type of the lubricant. 

The influence of the nature of the solid faces appears decisively when 
these are of different material. When, for example, the slider is of glass 
and the plate of steel, the coefficient of friction is the exact mean of glass 
on glass and steel on steel for the particular lubricant. Taking octyl alcohol 
as an example uw for glass on glass is 0.5176, for steel on steel 0.2981 and 
the mean is 0.4078. Glass on steel gives 1 = 0.41. The agreement is closer 
in other cases. With amyl alcohol the mean is 0.48 and glass on steel gave 
0.48. With octyl alcohol the figure for bismuth on steel is 0.270 and the 


mean is 0.274. 


TABLE I 
Lubricant Glass Steel Bismuth 
Me D ETLLATIOL ges oe tescn ardeatanchtederas Mavshovave re ccwats Petes 0.7102 0.4763 — 
MaNEKANE Soon eh omen cat ae ea eratee nese 0.6908 0.4528 0.37 
Meheptatiedicna metalic cette etme edere ene eotcles 0.6751 0.4307 0.346 
Tso-heptaned ., succvaeeiascinets ersiawabercioterocn nts 0.6683 — — 
NEOCLATIO SE dite ed vate ne ato ye aratcksre Biorerehate 0.6552 0.4112 0.32 
Wndecanese nine. chk eeniel oa eee 0.5903 0.3421 — 
Nonadecane (deposited from ether)..... 0.4119 0.1785 — 
Tetracosane (deposited from ether)..... 0.3251 — — 
Methylealcohol mame. ancmisceeiie oerccae 0.6772 0.4610 0.29 
Ethyl SO SEP ES PERE Aan |, Rot eee en ate 0.6512 0.4408 0.32 
Propyl SSELER SER, Se ae oS eae 0.6301 0.4173 0.34 
Butyl $f) >. SSR. Riek ater ane 0.6061 0.3924 0.30 
TSO-biutV laseetet W cinta ccinedotet ete 0.6273 — -- 
Amyl MMT Th or cacee nee eae cree 0.5854 0.3752 0.27 
Oat elite Siete ir remetirune cpt 0.5176 0.2981 0.25 
Caprylicd “Sa aera arn | Seer a 0.5373 — — 
Wridecylicssnin sastian dueniaerete chaeteecnieen 0.4455 0.2298 — 
Cetyl SS MBAED Genre, rca tine cme caer 0.3253 0.1143 0.17 
Horne Pacid’: hve oe are eres 0.6823 — 0.45 
Acetic SS OUNE 4 5 Sysco ia aati en ae Ree 0.6003 — 0.40 
Propionic acids see hte. rere een nee 0.6387 — rol 
Butyric Sais SY HeNea ban IA Se ak 0.5721 -- — 
Valeramic y= 2 pio nie on gece ache t Merona vee 0.5259 — 0.28 
Hexoic EW) Ee eo eee 0.4654 0.3108 — 
Heptoic Seer tseevocns eras eae 0.4051 0.2556 — 
Caprylics Wo cicada Saget cena tet cee 0.3417 0.2003 0.19 
Decoic OLY Lalata ieee testatararetae renee nen ae 0.2006 0.0741 —_ 
Dees rehash dabd eaten chan Or dete Oo 0.0983 — — 
risti pe eat re RG end : 
Palmitic Sle AI Lacie -< vaca Pit Unmeasurable; slider moves with the 
Stearic =! lecjscinwshantess Aaeatres ect iaemn De tenn Oses DCIS ce [ee pala at a 


These results show that, wherever the plane of slip may be placed, the 
attraction field of the solids is in some way conducted to it, unless indeed 
slipping is confined to the two interfaces between lubricant and solid. It is 
not likely to be there because the field of the solid will be strongest and 
cohesion greatest in those planes. 

The answer to the question why lengthening the chain of carbon atoms 
should diminish friction is not in my opinion forthcoming. The nature of 
the difficulty is made obvious by considering an analogous case. When a 
chlorine atom is introduced at one end of the molecule of a primary acid, 
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the attraction for the hydrogen atom of the carboxyl group at the other end 
is weakened and the dissociation constant of the acid thereby raised. This 
effect decreases in proportion to the number of carbon atoms in the chain 
so that, if we conceive of the chlorine atom repelling the hydrogen atom, 
then each carbon atom absorbs so to speak a constant fraction of the total 
repulsion.* 

Guided by this analogy we must seek for some influence exerted by the 
solids which can be transmitted to the plane of slip but in such a way that 
the effect diminishes with the number of carbon atoms in the transmitting 
chain. It cannot be a repulsion, because lengthening the carbon chain would 
then increase friction. It must be an attraction, in which case the friction 
will be that due to the CH; groups which are in contact at the plane of slip 
together with the transmitted attraction of the solids. But when the chain 
of carbon atoms has been lengthened sufficiently to eliminate the attraction 
of the solids, that of the CH; groups would still remain and the friction would. 
not vanish as experiment shows it does vanish. The hypothesis in this form 
would, therefore, seem to be valid only if the terminal CH, groups of the 
paraffin chain have no attraction for each other. 

Equation (1) is indeed remarkable in that the molecules of the lubricant 
make no positive contribution to the friction. ‘They seem merely to shield 
or “saturate,” in the chemical sense, the attraction fields of the solids. 

Possibly an answer is to be found in the increase in lateral cohesion of 
the long molecules with increase in the length of the carbon chain. This 
would give greater mechanical stability to the layer of lubricant. 

The simple linear relation is not disturbed when more complicated mole- 
cules are concerned, so long as the carbon chain is continuous. The coefficients 
of friction on glass and steel of the optically active carbinols of the formula 
C.H;.CH(OH) . C,H. have been measured by Miss Doubleday and they 
conform to the equation ») =a—bM. It appears also in the ring series ben- 
zene, naphthalene and anthracene. 

Other Substances.—A preliminary survey of the relation of lubrication to 
chemical constitution, in which nearly one hundred substances were examined, 
shows relations which cannot at present be focused by any simple theory. It 
should be noted that the measurements were undertaken before the necessity 
for extreme chemical purity was grasped. Some of the values are given in 
able 11, 
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*See paper by I. Langmuir, this volume. J. A. 
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The relation of lubricating qualities to viscosity broadly resembles that 
to molecular weight. In a simple chemical series lubrication and viscosity 
change in much the same way with molecular weight; but that there is no 
fundamental relation between viscosity and lubrication is shown by the follow- 
ing figures: 
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Viscosity Static 

at 20° Friction 
Carbonmtctrachloriden . seh a meaner atl oot .0096 43 
Chloroformiaeniers ee Fats s see eae hes sateibenlanac 0056 30, 
JENA Ke EASTER on nhacrs Ceca eA MIS nic Ce EEE ce ae ee .0122 40 
OComllicgacid mires miaccutea hin ac tae er dociaks a 0575 19 
IRENZeNGmecer Gre tracy cette er he Se alee .0065 39 
AL OIUIENG eet ere cee ce ee rad 0058 28 
Benzyl alcohol cenaoniet oe ter ah ioteuslc ne 0558 31 


The most interesting feature of Table II is the contrast between chain and 
ring compounds. Any change in molecular structure appears to have opposite 
effects according as it occurs in a ring or chain compound. Thus a double 
bond decreases the lubricating action of a ring compound, but increases that 
of a chain compound. As examples, compare naphthoic acid with double- 
bonded oxygen, with naphthalene; menthone with menthol; cyclohexanone 
with cyclohexane; benzoic acid with benzene. As examples of double-bonded 
carbon, compare cinnamic ester with hydro-cinnamic ester; di-pentene, having 
two unsaturated carbon atoms, with menthol and cyclohexane. Also the more 
saturated cyclic compounds are better lubricants than the less saturated ring 
compounds. 

When a ring or chain are joined, as in butylxylene, the result is a better 
lubricant than either. 

The esters occupy a quite unexpected position. The simple aliphatic 
esters are much worse lubricants than their related acids and alcohols. The 
ring esters, on the contrary, are better lubricants than are their related acids 
(e.g., ethyl benzoate and benzoic acid). 

Perhaps the most interesting substances are the hydroxy-acids with OH 
and COOH groups. This conjunction produces a remarkable increase in the 
lubricating power of a chain compound (lactic acid and ricinolic acid), and 
almost destroys lubricating action in the case of the ring compounds (salicylic 
and benzylic acids). ra 

In the ring compounds the replacement of hydrogen decreases lubricating 
power in the case of N, : O, or .COOH, and increases it in the case of other 
groups in the order C,H;<CH;<OH. aie: 

The effect of a second group of the same or of a different kind is to de- 
crease the effect of the first. Compare, for instance, toluene with xylene; 
catechol quinol and cresol with phenol; and methyl cyclohexanol with cyclo- 
hexanol. The simpler the group the more effective it is. Compare cymene 
with toluene or xylene, and benzyl alcohol with phenol. 

When the atoms are disposed with complete symmetry about a carbon 
atom, the result is a very bad lubricant, as we see in carbon tetrachloride and 
the alcohol penterythritol C(CH,OH).. ' 

It will be noticed that no ring ompeuns is a good lubricant. Even 

ith the molecular weight 366, is no exception. 
ae. SH acts much as ‘OH, thiophenol CeH;SH and benzylhydro- 
sulphide CsH;.CH.SH resembling phenol and benzyl alcohol respectively. 

Two Component Systems.—The limited number of cases which have been 
studied ® in which two different chemical substances, each rigorously pure, 
are present on the surfaces fall into two sharply distinct classes according to 
whether the substances are or are not miscible. In both cases it will be 
wiser to give the facts, which are straightforward, before attempting an 


lanation. : 
es The Two Substances are Miscible——The effect of varying the propor- 
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tion of two constituents in a mixture was found to depend upon the relative 
lubricating properties of the individuals, and upon .the chemical constitution 
of the substances. The three types of curves found are illustrated in Figure 4. 
They are (1) mixtures of aliphatic acids or alcohols with paraffins, ¢.@., 
caprylic acid with undecane. ‘The coefficient of friction is that of the pure 
acid or alcohol until the quantity present in the mixture falls to about 0.7 per 
cent. The acid or alcohol is adsorbed by the solid surface to form a primary 
film composed wholly of its molecules until the percentage falls to 0.7 per 
cent, when the paraffin molecules begin to find a place in the film. 

(2) Mixtures of aliphatic acids and alcohols and of lactic acid with water. 
The primary film throughout seems to contain both kinds of molecules, but 
those of the better lubricant are in excess until a critical point is reached, 
when the change in the direction of the curve indicates an increased invasion 
of the film by the molecules of the worse lubricant. 

(3) Mixtures of aliphatic acids and alcohols which do not greatly differ 
in their lubricating properties. The curve is a straight line joining the ex- 
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tremes; that is to say the effect of each constituent is proportional to its rela- 
tive mass (e.g., hexoic acid and octyl alcohol). 

The curves are isomers except that for palmitic acid and octyl alcohol. 
The miscibility of this pair is so low as to make it necessary to raise the 
temperature as the percentage of acid is increased. The figure in brackets 
gives the temperature at which a measurement was made. It will be noticed 
that there are no breaks in the curves corresponding to the changes of tem- 
perature. 

In general the curves show that the better lubricant of a pair is more 
strongly adsorbed by the solid face, but they equally prove that this is not 
the only factor operating. 

(b) The Two Substances are Immiscible—Of this class pairs of which 
either water or benzene was one have alone been studied. 

Water considered as a lubricant is of a remarkable character. On clean 
faces of glass, quartz, or steel, it is a “neutral” substance—that is to say 
it does not alter the friction. Its molecular weight is of course low and 
therefore, the effect likely to be small, but a molecular weight of 18 on the 
curve for either paraffins or alcohols would give a value of pw decisively differ- 
ent from that for a “clean” face. Be this as it may, it can certainly be said 
that the most careful measurements failed to reveal any fall in friction due 


to the presence of water. 
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Water also has a profoundly disturbing effect upon the lubricating prop- 
erties of other substances. Its vapor will, for instance, almost wholly destroy 
the lubricating properties of an alcohol. 

On the other hand water can be an excellent lubricant. It is such for 
ebonite, or for glass or steel when already covered with a film of a solid 
lubricant which does not dissolve in water. 

These apparently contrary properties were found to be reconcilable when 
the influence of water was followed in a number of cases. 

When water vapor is admitted to the chamber its influence on the friction 
of clean surfaces of glass, quartz or steel is nil, but if the surfaces have already 
been lubricated by a primary film, water vapor lowers friction if the lubricant 
is immiscible with water and raises friction if the contrary is the case. No 
exception to this simple rule was found. 

Up to a certain point the mode of action of the vapor is clear. Consider, 
as the simplest case, a surface covered with a primary film of a solid paraffin. 
Water vapor diminishes the friction of the surface of a block of solid paraffin 
—the vapor condenses as an insensible primary film of water which has con- 
siderable lubricating power as the following figures show: 


Paraffin on paraffin (C.,H,.) in dry air » = 0.076 
water vapor admitted p = 0.019 


When therefore surfaces of glass or steel are coated with a layer of paraffin, 
water will reduce their friction even though the layer of paraffin be only a 
film of insensible thickness. 

We must, therefore, suppose that when water vapor condenses on to a 
primary film of paraffin on a solid, the value of u is that given by four primary 
films, two median ones of water, two outer ones of paraffin, one on each solid 
face, and the conclusion reached is that four films lubricate better than two. 
This may be of the nature of a general law. 

The doubled films can be disturbed by moving the slider about over the 
surface, when the friction at once rises. 

A similar double primary film can be deposited readily even when the first 
lubricant applied is a liquid provided it be immiscible with water. This 
would be remarkable had we not convincing evidence that a primary film on 
a solid is always itself a solid. Such films, as might be expected, are easily 
broken up by moving the slider about on the plate when the friction at once 
rises nearly to the “clean” value. 

The action of water seems paradoxical in that when the doubled films 
are broken up by mechanical agitation such as is produced by moving the slider 
backwards and forwards over the surface, or without mechanical agitation 
by the vapor of water when admitted to surfaces covered by a primary film 
of a lubricant miscible with water, the bad lubricant, water, seems capable of 
displacing any good lubricant. It would appear, therefore, that in this case 
the worse lubricant is more strongly adsorbed by the solid face. 

When the surfaces have been lubricated by a lubricant miscible with water, 
such as, e.g., the lower aliphatic acids, or the alcohols, the effect of water vapor 
always is to raise friction. oe 

Benzene vapor, unlike water vapor, always slightly lowers the friction of 
surfaces already lubricated by primary films of substances miscible with it. 


The L«tent Period When the normal paraffins and their related normal 
acids and alcohols are studied as lubricants, a singular fact emerges. Over 
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the region BCDE in Figure 1 the friction of solid faces lubricated with one 
of these acids or alcohols takes from five minutes to an hour or more to come 
to a steady state. 

Immediately after the lubricant is applied, the friction is iets and through- 
out the “latent period” it falls until the final steady value is reached. Now 
the molecules of these substances are highly polar, being chains of carbon 
atoms loaded at one end with the — COOH, or —CH,OH group. The 
attraction of the two ends of the molecule for the solid face is certain to differ 
greatly, and the latent period may be supposed to be the time occupied in 
reaching the maximal degree of orientation of the molecules of the lubricant 
at the face. 

If this supposition be correct, lubricants composed of molecules whose 
ends are alike should show no latent period. Such are the normal paraffins, 
and, actually, surfaces lubricated with one of these do not under any cir- 
cumstances exhibit the remarkable delay in reaching a steady state. The first 
observed value of friction is the same as the last. 

What is the final “steady” state? Is it one in which all the molecules are 
oriented, so that the loaded ends are directed towards the nearest solid face? 
The study of friction shows. that it is not. 

When a pool of lubricant is placed on a solid face, or when a clean solid 
face is immersed in the vapor of the lubricant, some of the molecules will 
be presented right and others wrong end to the solid. During the latent period 
the wrongly oriented molecules are being replaced with rightly ended ones by 
the process of evaporation into and condensation from the overlying fluid or 
vapor. The process will not continue until all the molecules are rightly ori- 
ented, because evaporation and condensation does not cease, and some of 
the molecules arriving at the face will reach there wrong end first. The 
steady state is, in fact, an average state determined by the difference between 
the attraction of the solid for the two ends of the molecules. 

The friction of surfaces in equilibrium with either the vapor or fluid lubri- 
cant is, however, not the lowest which the particular acid or alcohol can give. 
This is reached only after the slider has been on the plate for some time. En- 
closing the layer of lubricant between two solid faces increases the degrce 
of orientation, as might be expected, since the excess fluid or vapor is 
squeezed out and the process of condensation and evaporation thereby arrested. 
Readjustment of wrongly oriented molecules goes on in these enclosed layers 
until what may possibly be complete orientation is reached. 

An example will perhaps assist in making this clear. 

Lubricant: Capryllic acid on glass. (1) “A pool of the lubricant placed on 
the plate, the curved slider at once put into it, and readings at once taken. 
This is the initial state, in which the degree of orientation is at its lowest. 
The coefficient of friction 40.57, and the time taken to fall to the final 
steady value when p = 0.34, the surfaces being kept as quiet as possible, was 
60 minutes. 

(2) The slider and plate were exposed in a chamber to the saturated vapor 
of the acid for three hours. The former was then placed on the latter, of 
course without opening the chamber, and a reading taken as quickly as pos- 
sible. This gives an approximation ts the friction of faces in equilibrium with 
vapor. The initial reading gave = 0.45, which fell to the steady value 
u = 0.34 in about five minutes. 

(3) To get the friction of surfaces in equilibrium with fluid lubricant, both 
surfaces were covered with an excess of the acid and, three hours later, were 
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placed in contact, when « was found to be 0.39, which fell in about ten minutes 
to the value 0.34. 

Here there is sufficient evidence for the existence of different degrees of 
orientation in the layer of lubricant condensed on to the solid face according 
as it is in equilibrium with fluid, or vapor, or enclosed between two solid faces. 

For more than ten years I have urged that orientation of molecules at an 
interface must spread into the overlying fluid until it is destroyed by the heat 
motions. The “capillary” layer in other words is not one but, it may be, 
many molecules deep and its depth is a function of the degree of polarity of 
the molecules and of temperature. The study of the latent period seems to 
afford valuable evidence in support of this view. 

How might orientation in a liquid be expected to reveal itself? When a 
lubricant is very viscous it takes an appreciable time to squeeze out the excess 
fluid from between the slider and plate. Glycerol is such a lubricant, and 
the first recorded values of friction are always small, but they rise slowly 
until they reach the value for clean unlubricated surfaces of glass. Glycerol, 
in fact, like water, is neutral to glass in that it does not, in the strict sense, 
lower the friction of its surface. Glycerol, like water, can of course provide 
a buffer of fluid and so act as a lubricant in the hydrodynamic sense of 
Osborne Reynolds’ theory. It is not a lubricant in boundary lubrication, 
though owing to viscosity, the fact needs some patience for its detection. 
When water, which has a low viscosity, is used, the full “clean” value of 
friction was always got at once. 

High viscosity therefore tends to give an initial abnormally low value of 
friction, which rises more or less rapidly as the buffering layer of fluid is 
squeezed out. eele 

Any degree of orientation of the molecules of a fluid might be expected to 
increase its viscosity, since the average random disposition upon which the 
normal viscosity depends is departed from. If the rise in viscosity were 
sufficient it could be detected by an initial abnormally Jow value of friction. 
This expectation is realized with aliphatic acids and alcohols. When the sur- 
faces are allowed to come into equilibrium with fimd lubricant before being 
put in contact, as in (3) above, the first readings are always abnormally low. 
For example, and still keeping to the case of capryllic acid, the first reading, 
taken as quickly as possible, gave » = 0.26 and the friction then rose rapid 
to . = 0.39—too rapidly to permit of the time being recorded. , 

The effect of mechanical agitation is surprising. Moving the slider back- 
wards and forwards on the plate will, for example, shorten the latent period 
of capryllic acid [case (1) above] from 60. minutes to 10 minutes. The 
temperature coefficient of the latent period is high, e.g.: 


Heprtorc Acrip on GLAss 
Latent Period 


Temperature in Minutes 
IGS (Cs 3503 co PO ees Sr EGS OOn Cen bb Ot Gain Coe oan aote 45 
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De OR earns le teats Sea ene Meter elenetere hareieicte ayers 6 5 


The value of u in the final state is independent of temperature within the 
limits of accuracy of the method (down to the third place of decimals) over 
the range tried, namely, from 13° C. to LLOS.C.F 

Incomplete Primary Films.—These have been studied for one substance, 
namely ethyl alcohol. Since the complete film is defined by having the pressure 
of saturated vapor, incomplete films can be formed by exposing the solid sur- 
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faces to a lower vapor pressure. The results are plotted in Fig. 5. Over 
the greater part of the curves the coefficient of friction is a linear function 
of the vapor pressure and the effect of a change in the nature of the solid 
face again is to shift the curves parallel to,themselves. The equation, there- 
fore, save where the vapor pressure is very low, is 1 = a— BP where P is 
the. vapor pressure. 

The Structure of a Primary Film—The work of Langmuir and Adam 
proves that in a primary film composed of chain compounds, the chains of 
carbon atoms are disposed at right angles to the surface throughout the film 
or at any rate in the layer of molecules attached to a face of water. These 
writers, following Devaux, claim that a fully formed primary film is com- 
posed of a single layer of molecules—it is the monomolecular film of which 
so much has been written—but, though a primary film composed of a sub- 
stance possessed of no sensible vapor pressure may be monomolecular, all 
primary films are not so constituted. It must be remembered here that a 
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Fic. 5.—Abscisse, number of gram-molecules of CleaHsOH per litre of air. 
Ordinates, coefficient of static friction. 


primary film is defined by a certain plane of natural cleavage and that its 
vapor pressure is equal to that of saturated vapor. 

Consider a primary film of say octyl alcohol in equilibrium with saturated 
vapor and a flat lens resting, with the film, on water or a solid. This condition 
is readily realized. The work needed to detach a molecule of the alcohol 
from the primary film must be such that the number leaving the film in unit 
time to be set free in the vapor must, on the average, be equal to those passing 
from the vapor to the film. There is no reason why a monomolecular film 
should be peculiarly fitted to comply with this condition, indeed, it is probable 
that it rarely does so. 

Complete, that is fluid, lubrication has been frequently mentioned in the 
previous pages. The theory was first worked out by Osborne Reynolds on 
the basis of certain novel experiments made by Tower with cylindrical bear- 
ings so constructed as to maintain an excess of fluid between the solid surfaces. 
Reynolds’ treatment has been simplified by Sommerfeld and Rayleigh. It 
may be useful to those unfamiliar with the theory, to present it in the briefest 
outline in the form given by Rayleigh.14 

It starts with the assumption that, if the layer of oil which is maintained 
between the surfaces by the dragging action of the surfaces themselves, is thick 
enough to eliminate the “unknown boundary actions,” as Reynolds calls them 
ihe results of the experiment should be capable of derivation from the ordinary 
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equations of hydrodynamics. The assumption reduces the friction to the 
simple internal friction of a viscous fluid. 

Consider two plane surfaces with fluid between, and let one surface be of 
unlimited extent, whilst the other is of unlimited extent along z, but is limited 
at =a, and at x =—b. Let the two surfaces approach without tangential 
motion, the fluid then has to be squeezed out and the tangential velocity will be 
nothing at the middle of the surface, namely, at = 4 (a—pb), and greatest 
at the ends. The motion will be resisted by the internal friction of the fluid, 
and as this is proportional to the velocity and equal and opposite to the pres- 
_ sure, the pressure is greatest at the middle and vanishes at the edges. If there 
be tangential motion of velocity U of one of the planes, the fluid will be 
dragged along with it, and there will be a gradient of velocity in the fluid from 
U at the moving plane to 0 at the stationary plane, the internal friction again | 
being opposed by a pressure. 

Let the two parallel planes be at y =O and y=h, and let the motion be 
everywhere parallel to +, so that the velocity components v and w are every- 
where zero, an element of volume (d+, dy) is subject to the force n(d?p/dy?) 
dx dy, where x is the coefficient of internal friction. Since there is no accel- 
eration this force is balanced by that due to the pressure, namely — (dp/dx) 
dx dy, and thus— 

dp d*u 


On integrating, having regard to the fact that. at y = 0, u = — U; and at 
iia /t,.% +0, we: get— ! 
is Vere Spd Paws (ay. od 
sie 2ni totes ( h ) U (2) 
The whole flow of the fluid between the surfaces is— 
a of i ME WO 
| OR ee ere 
where Q is constant, so that— 
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dx omitieln he ows U (3) 
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The assumption so far is that the whole motion is unidimensional, but (4) 
is approximately applicable if h is variable, and always small, provided that the 
variations are not too abrupt. 

The total pressure or load P is— 


b b 
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on integrating by parts—the integrated term vanishing because p = 0 at the 


ends. 
Hence by (4)— P _ [°xdx ngs > xdx (5) 
Eni eens ah 
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The tangential traction exerted by the liquid on the moving plane is got 
from (2) and (4) by putting y = 0 when— 


du _ 4h —3H 
laa aig anda (6) 
The total friction F is therefore— 
b dx 
a rah Gas | Ss (7) 


Comparing (5) and (7) we see that the ratio of the total friction to the 
total load (F/P = w) is independent of y and of U, and, since the right-hand 
members of (5) and (7) are dimensionless, it is independent of the linear 
scale. We thus arrive at Amontons’ law from purely hydrodynamical con- 
siderations, the friction being independent of the area, provided the distance 
between the surfaces (/) is altered in the same proportion as the length. 

In the simple case, when both surfaces are plane and one is inclined at a 
very small angle to the other, so that h has the values h, at + =a, and hz at 
x = Db, it can be shown that the load varies as the second power, and the total 
friction as the first power of the length divided by the distance hy. 

The pressure (p) will always adjust itself to the load (P) by alteration in 
the distances between the surfaces (/), for the nearer the surfaces the greater 
would be the friction and consequent pressure for the same velocity, so that 
the surfaces would approach until the pressure balanced the load. 

Let us suppose the faces forced closer together by increased pressure. 
The hydrodynamical equation will continue to hold so long as the fundamental 
assumption is complied with, namely, that of fluidity of the lubricant. Accord- 
ing to this the motion will be distributed throughout the whole region from 
y=Otoy=h. So long, however, as the condition of fluidity is fulfilled there 
will be no static friction. 

An obvious assumption is that the layer of lubricant immediately in contact 
with the solid faces is fixed in position and that static friction comes in only 
when these layers get into contact. On this assumption the length h, over 
which fluidity is supposed to be complete, does not correspond with the distance 
between the original solid faces. This assumption is at one with the usual 
assumptions made in calculations concerning the flow of fluid past solid 
boundaries. 
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The Mechanism of Coagulation 


By Pror. Dr. H. R. Kruyt, Utrecht, Holland 


INTRODUCTION 


The essential difference between a true solution and a colloidal system 
is to be sought in the fact that, though both are dispersed systems, the for- 
mer is a stable and the latter an unstable system. When we have sugar 
dissolved in water, the homogeneous solution has less free energy than the 
separate solid and liquid phases. When we have gold dispersed in water 
the sol has an excess of free energy compared with the separate phases. 
As there is no reciprocal action (or at least hardly any) between the two 
components in the latter case, the fine division is the cause of this excess 
of energy, viz., as free surface energy. As the free energy tends ‘to a 
minimum, the surface energy tries to lessen the surface of the dispersed 
particles, to attach these particles one to another, to coagulate the colloidal 
“solution.” 

Coagulation therefore is the grouping together of the dispersed particles ; 
the ordinarily accompanying fact of precipitation of the coagulum is only a 
secondary phenomenon, consequent upon the fact that, according to Stokes’ 
law, larger particles sink more rapidly than smaller ones. But, as Perrin+ 
has pointed out, a certain distribution of the particles always takes place 
(even in true solutions) ; therefore a settling out of coarse colloidal particles 
in such a way that a mere stirring is sufficient to restore the sol in the 
same degree of dispersion, has nothing to do with (reversible) coagulation. 

As the coagulated system is more stable than the sol, the question arises why 
the colloidal system can exist at all. Why does the free surface energy not 
cause an immediate coalescence of the particles? Let us consider what is 
necessary for this to occur. In order that two particles coalesce it is neces- 
sary first of all that the particles collide. Of course the Brownian move- 
ment can cause this and the calculus of probabilities can estimate the chances 
of collision with particles of given size, in a given liquid, at a given tempera- 
ture, when the mean distance of the particles is known. The probability of 
collision therefore is the first factor dominating the problem of coagulation. 
But it is not the only one, for the second question which arises is whether 
every collision really effects a coalescence of the particles brought together 
by the Brownian movement. As the probability of collision of an ordinary 
sol is very great, there must be some reason why the probability of the 
coalescence of the two meeting particles in a “stable” sol is rather small 
Thus the probability of adhesion, i.e., the ratio of the number of collisions 
that lead to a union to the total number of probable collisions, is the second 
factor to be considered in a discussion of the mechanism of coagulation. 

The investigations on the stability of sols carried out during the last 25 
years, especially since those of Hardy,? showed that the electrical charge af 
the particles is an important factor in preventing their union, coagulation 
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taking place when the charge is removed (at least partly, according to 
Powis*). The electric charge rules the probability of adherence, not that 
of collision, though this is often erroneously thought to be the case. Sved- 
berg * pointed out that an electrolyte, though affecting the charge of the 
particles, does not alter their Brownian movement, as long as no adhesion 
of the particles sets in. Quite the same may be said concerning the so-called 
“protective action” of substances like gelatin; they affect only the probability 
of adhesion, at least when their concentration is too small to alter the vis- 
cosity of the system, which would influence the Brownian movement accord- 
ing to Stokes’ law. A protective action can be exercised, however, by other 
substances than purposely added protective colloids; water molecules adher- 
ing to the particles and so forming an aqueous envelope around each of them, 
can exercise a considerable influence on the probability of adhesion, as will 
be seen later. This is especially the case with lyophilic colloids (emulsoids). 
(See further on.) 

We shall discuss first that part of coagulation which is ruled by the proba- 
bility of collision. For this purpose we must consider a sol deprived of all 
stabilizing factors, so that every collision causes a union of the colliding par- 
ticles (probability of adhesion = 1). 


2. COAGULATION OF AN UNCHARGED SUSPENSOID 


Von SMoLucHowsk1® has developed a theory for the mechanism and the 
velocity of this process and several other investigators controlled it and found 
it to be correct for the case we are discussing now.* 

We have just pointed out that uncharged particles must attract each other 
in consequence of their surface tension; according to Von SMOLUCHOWSKI 
there must be a sphere of attraction around every particle of such a nature 
that any other particle whose center enters this sphere will be firmly retained. 
R is the radius of this sphere of attraction, and R must be at least 27, when r 
is the radius of the particle itself. 

Now Von SMOLUCHOWSKI discusses this problem: what is the probability 
w that one particle (which we shall consider as motionless) in a sol, containing 
Vo particles per cc., gets another particle within its sphere of attraction? The 


formula expressing this is 
w= 4nDR 


when D is the mean displacement of a particle in consequence of the Brownian 
movement, 1.é., 


=" N Ganr? ) 


R’ being the constant of the gas law, N the Avogadro number, 7” the abso- 
jute temperature (in degrees Kelvin), y the viscosity. Thus starting from v> 
single particles, there will be v, of them after a time ¢ so that 


Vy = Voe_ 4uvDRvot 


Their decrease is therefore 


pm Nees rip av 


Vi 
* A very remarkable deduction of the equations, to which von Smoluchowski’s theory led, is to 
be found in a recent paper of Jablczynski.* 
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When only a small part have come together we can take Vo =v, and in- 
tegrating this last equation, we get 


hey Si Ria Ry LS 
1 + 4nDRvot Dap 


VS 


} ORE 1 
where JT, the so-called time of coagulation, is T anv or for reasons of 


rate 1 ; App “apr 
abbreviation T = ae When we take the particle as moving itself too, we 
0 ° 
get: 
Vo 
— 


"alg 2t 
1+ F- 


There will not only be double particles, but these will meet with each other 
to form quadruple ones, or, if they meet other single particles, triple ones, 
etc. We can make a similar calculation for them if we knew their constants 
D and R. Now Von Smoluchowski makes the assumption, that, when D, 
is the constant of displacement for a particle, consisting of 1 single ones, D; 
that of one composed by k primary ones, and Dj that of their combination, 
that Diz, = Di; -+ D, and in the same line of thoughts that Ri, = 4(Ri + Rx). 
This last simplification is indeed rather risky. 

Thus Von Smoluchowski, taking in account the formation of complex par- 
ticles v1, V2, Vz, etc., found these numbers to be 


pee a Ope ee 2 
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(1 + avt) 


The total number of particles, 7.e., the sum of all single, double, triple ones, 
etc., is given by the equation 


Vv 
L\V= s 


lta (3) 


From this equation we understand, why T is called “time of coagulation”; for 
after a time 7, when ¢ = T, according to this equation the number of particles 
is just halved; 7 therefore is a good characteristic for the rate of coagulation 
In Fig. 1 a graphical representation is given how the total number of all 
particles av, how the number of the single ones v,, the double ones V2, etc 
vary with time. These numbers are the ordinates and they are expressed as 
parts of the original number vp. Time is measured with the “coagulation time” 
T as a unity (abscissee). Originally there are of course only single particles 
the curves for Xv and for v, thus start from the same point. It is also a matter 
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of course, that both these curves fall steadily; however, the number of double 
particles, originally O, rises at first, but as they will coalesce more and more 
with each other or with other particles, their curve will reach a maximum and 
then fall too. The same will be the case with the triple, the quadruple ones, 
etc., according to the equations given above, the maximum for the more com- 
plex particles always moving to a later moment in the process of coagulation. 

Zsigmondy and his pupils® made splendid investigations to check von 
Smoluchowskt’s theory for gold sols and Kruyt and van Arkel™ did the same 
kind of work for the sol of selenium. In all these researches an excellent 
agreement was found between theory and experiment in the case of “rapid” 
coagulation, 1.¢., when the probability of adhesion was really 1 or approxi- 
mately so (by adding electrolytes in a concentration sufficient to diminish the 


inigey Jl 


electric charge of these suspensoids to 0, or at least below the critical value, as 
will be discussed later on. 

To see whether the mechanism of “rapid” coagulation really happens ac- 
_cording to the outline given, the number of the single particles or the total 
number of all should be counted during the process of coagulation. With the 
gold sol it is possible to distinguish single particles from complex ones, as the 
former, when seen in the ultramicroscope, were green, the latter yellow. In 
this way equation (2) was successfully checked; but all other researches in 
the field aimed at the verification of equation (3) for Xv. Experiments were 
carried out in this way: by means of a screen with square opening a parallelo- 
pipedon of known dimensions is made the only visible part of the light cone 
of an ultramicroscope. Now a dilution is made of the sol to such an extent 
that there are generally 2 or 3 particles visible at the same time. By making 
200 countings the mean number of particles is established, and thus the num- 
ber of particles in 1 cc. of the original sol can be calculated. Then electrolyte 
solution can be added to a portion of the sol; coagulation sets in and can be 
stopped after a certain time by adding to the sol-a protective colloid. Then 
again a dilution is made and the number of particles is counted ; by repeating 
this process after the electrolyte has acted various times, a series of values for 
Xv is found. 

As an example we give Table I according to an investigation of Westgren 
and Reitstrotter.® 
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TABLE I 


Gold sol, average diameter of particles: 96 wy. 
Coagulating agent: NaCl, 86 mmol. p. L. 
Sol concentration: 5.22 X 10° particles p. c.c. 


Calculated Number of 


10-8 Number of Part. X 10°8 if 
Time in Minutes Particles per C.C. T in Min. T, = 553) Min: 
OAs rita creat t 5 erica SAR Rye — 5.22 
ESHA Rin chaser aS BLAIS 4.35 5.0 4.39 
2 ineersiet Gra the «ep eeeh ee 3.63 4.6 3.78 
Si apne at bie aiacky ren 3.38 5S S88} 
Dare aeRO ete eus oso yeaegrs 3 2.75 5.6 2.68 
Di eee teense wlan te ote Preah She 225 


From this table we see that calculating according to eq. (3) we find a 
constant value for 7, or taking the mean value, 5.3, for 7, we find a fair 
agreement between observed and calculated numbers. The equation thus 
proves to give a good understanding for the phenomenon. 


By means of equations (1) and (3) we can calculate, the proportion 


between the diameter of the sphere of attraction and that of the particle. 
This calculation leads to the result that this value lies between 2 and 3. This 
result is also in harmony with the theory, and is discussed by von Smoluchowski 
and Zsigmondy in their papers mentioned above. 

Several other consequences of this theory could be checked. From the 


1 : : s 
ACD Revs can be seen easily how JT changes with relation to the 


initial concentration of the sol; vo is proportional to that concentration, so T 
must be proportional to the dilution. In good agreement Kruyt and van 
Arkel’ found for a selenium sol diluted in the proportions 1:1, 1:2 and 1:10 
respectively. JT = 22.7, 44.0 and 214.2, values very near to once, twice and ten 
times 22. In all the experiments 180 mols KCl were used as a coagulating 
agent. 

On the other hand Westgren and Reitstotter® found in accordance with 
the theory, that the rate of coagulation is dependent on the number of particles 
but not on their size. So the curve for the change of Xv with the time is the 
same for gold sols having the same number of particles per c.cm., but with 
radii of respectively 76, 96, 120, and 152 yy. It is remarkable that the theory 
even holds in the case of ruby glass, a dispersion of gold in borax-glass. 
When heated the gold coagulates and Ehringhaws and Wintgen * found the 
eo ae of the number of particles in harmony with von Smoluchowski’s 
theory. 

From all this we may conclude that the mechanism of coagulation with a 
sol deprived of any stabilizing factor is merely ruled by the probability of 
susie of the particles and the size of their sphere of attraction for one 
another. 


equation T = 


3. COAGULATION OF Non-DISCHARGED PARTICLES 


_ Von Smoluchowski* has also discussed how the rate of coagulation will be 
in the case that the particles are not totally discharged. The remaining electric 
charge will decrease the probability of adhesion, the sphere of attraction will 
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be smaller, it will be even possible that there is no attraction left any more, but 
that repulsion has come instead of it. In this latter case the sol will of course 
be stable; therefore we shall consider the case, that only a small electric 
charge is left, that the rate of coagulation is consequently only somewhat 
decreased. 

Now von Smoluchowski thought that in this case the rate of coagulation 
was governed by quite the same law as when there was no charge whatever, 
only the time of coagulation would be multiplied by a factor dependent on the 
charge. For this case he wrote equation (3): 


Vo 
t 
lta 


in which ¢ is that factor. This would mean that a calculation of T from the 
measurements of Xv would give constant values, all curves for the rate of 
coagulation would be “affine,” that is to say they become identical when multi- 
plied by a certain factor (viz.: €). 

This point of view of von Smoluchowski does not seem improbable at first 
sight: the remaining charge only diminishes the probability of adhesion by a 
certain amount, a certain percentage of the collisions will have no effect, but 
for the rest all will go on in the same way. In the case of complete discharge 
€ = 1, every collision means coalescence, in the other case ¢ < 1, indicating 
that only that part of the number of collisions has such an effect. 

However, experiments have not confirmed the theory. Kruyt and van 
Arkel* made measurements on the rate of coagulation with selenium sol; when 
they added so much electrolyte that complete discharge took place, that is when 
¢ = 1, measurements gave constant values of T, according to equation (3), but 
when less electrolyte was added, the calculated value of YT (respectively 


Sv = (4) 


—) was not constant at all. An example is given in Table II. 


TABLE II 


Selenium sol, average radius of particles: 52 wu. 
Coagulating agent: KCl, 50 mmol. p. L. 
Sol concentration: 29.7 X 10° particles p. ccm. 


108 & Number of Time of Coagulation 
Time in Hours Particles in 1 c.cm. Gihe 

ON OO cesses tac. 0 BC OC 29.70 — 
(OOO eaten nae tate teace eso siish o7e;5,07 eyallere 20.90 IES 

TN os i 5.73 ena ROE 19.10 7.6 
OOO cect setens Gey <ceysts iaicieve sizpe.n ala 14.40 18.0 
AS (mem eehe te miaciale ate vusiidevausode shel 10.70 24.0 
OO ee eR ee ales esledclsvaie sialic; «she hes 7.70 25.0 
MG HAU Wesreaes Beehcsery che, eacable caerenchectemeerere irae 6.45 46.0 


This rather amazing result was called into question by Westgren and 
Reitstétter,® as they thought an experimental error had played a part in the 
affair; but Kruyt and van Arkel® pointed out that their results were correct, 
and since then others have come to the same conclusion, that formula (4) does 
not hold for the so-called slow coagulation (cf. next §). Even Westgren’s 
own experiments point in the same direction as van Arkel’® calculated from 
Westgren’s results with a gold sol after addition of unsufficient NaCl to get 
rapid coagulation. The numbers are given in Table III. 
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TABLE III 


Gold sol, average radius of particles: 120 jp. 
Coagulating agent: NaCl, 4.8 mmol. p. L. 
Sol concentrations: 4.35 < 10° particles p. c.cm. 


10-8 & Number of Time of Coagulation 

Time in Hours Particles in 1 c.cm. i 

Ol Qisseversicie w aisveue Gieteketeraterersioenss 4.35 — 
ONS ei oei alas litigecae eetrece tiene 4.01 59 
DQ Te al Seia alas thetaatiedoneret ate 3.74 61 
DOM ivchs oa obaieteaesfiry A ote REELTR 3.32 65 
RAD Be haan epee ici trom cin-adi cor 3.28 94 
SEO era sacra eeceolebe a orel oe a phctelies otete 3.33 160 
OO epaete tesa steventeue spoken are © Oro 300 
PA Aree cmnstcl terra Res Oe oan Cie 3.20 670 


So we see that all investigations carried out by a direct counting of the 
particles lead to the result that von Smoluchowski’s theory does not hold in the 
case of slow coaguiation. It seems as if the mechanism of coagulation itself 
is not-the same in slow and in rapid coagulation, or as if ¢ (cf. equation 4) is 
again a function of time, what would mean that the electric charge of suc- 
cessively formed particles increases during the process of coagulation; that is, 
the charge increases while the particles grow. We still lack the experimental 
data to give a satisfactory explication of the process. 


4. INVESTIGATIONS BY OTHER MetHops 


Counting the particles is a very tiresome and rather dull procedure: Kruyt 
and van Arkel’ for instance had made about 200,000 countings to come to the 
conclusion given above! As the kinetics of a process is always an important 


uy 
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way to reach an insight of its mechanism, several scientists have tried to study 
the kinetics of coagulation by an easier method. 

Paine ™ studied the rate of coagulation of a copper sol (strictly speaking 
of a copperoxyd-sol) by titrating samples of the supernatant liquid taken from 
above the coagulum. von Smoluchowski™ has criticized this method because 
the stirring, necessary to get a good sediment, affects the kinetics of the 
process. On the other hand Jablezynski 8 in a recent paper and working with 
a method we shall discuss presently, found stirring had no influence I on 
the rate of the process. 

Freundlich and his coworkers Ishigaka‘* and Gann tried to follow the 
process of coagulation with a Al(OH),-sol by measuring its viscosity at 
regular intervals after the addition of the coagulating electrolyte. Their re- 
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sults are of the type of Fig. 2; in this figure the viscosity is given in its relation 
to time. It can be seen from this graph that after a time of small increase 
a rapid increase sets in; so, if we assume that viscosity is a measure for the 
state of aggregation of the particles, one gets the impression that coagulation 
is an autocatalytte process. It is very remarkable that such is the conclusion 
of Paine’s work too; and not only of his, but also of Sven Odén’s,!* who made 
investigations very comparable to those of Paine: he measured by means of 
an ingenious apparatus with BaSO, and other suspensions the amount of the 
sediment, as it fell out gradually. This amount when graphically represented 
in connection to time, gives again a graph of the Fig. 2 type. 

Such an autocatalytic effect cannot find a proper place in von Smoluchow- 
ski's theory. He therefore has criticized this kind of investigation and 
ascribed their results to special conditions caused by the movement in the 
liquid, either to the flow in the capillary of the viscosimeter or to the stirring ; 
moreover the relation between viscosity and coalescence of the particles is not 
so simple as supposed in these investigations. Indeed, in the direct measure- 
ments of the rate of coagulation by counting the particles, no autocatalytic 
behavior is found. In the case of the rapid coagulation von Smoluchowski's 
theory is fulfilled and in the case of the slow coagulation Kruyt and van Arkel 
found exactly the contrary. From Table 2 it can be seen that the time of 
coagulation increases gradually, and thus the coagulation going on slower 
and slower during the whole time of the process. 

We are inclined to think von Smoluchowski is right and autocatalytic be- 
havior does not set in as long as the assumptions which von Smoluchowski 
premises are fulfilled, viz.: that the particles are subjected to no other move- 
ment than such as can be ascribed to the Brownian movement. As soon as 
stirring, streaming or sedimentation interferes with the process, the larger 
particles act as a broom and sweep many smaller particles out of the sol when 
these come into their way. 

However, as these complications are quite common facts when we are 
dealing with a phenomenon of coagulation, they are as important as the 
academic case discussed in von Smoluchowskt’s theory. Only they complicate 
the case and make it more difficult for a quantitative interpretation. But as 
we are dealing with well established facts, we have to take them into account, 
when we wish to understand the mechanism of coagulation in those cases 
where these complications set in. And such is the case in a great many of 
the cases studied in colloid chemistry up to the present. 

A third method used in this domain of colloid chemistry is an optical one. 
Lottermoser ** measured the increase of turbidity when acids were added to 
the sol of Na,WQO,; here too one gets the impression of an autocatalytic 
character of the process. van Liempt*® repeated this investigation, and 
though he found the same type of phenomenon doubted the reality of the 
autocatalytic character. Schoorl*® found a similar relation between the re- 
fraction of a coagulating protein sol and the time. 

Several chemists studied the rate of coagulation with gold sols using a 
spectro-photometer or a colorimeter. With this last instrument Hatschek *° 
estimated the percentage of red and blue, as color changes during coagulation 


Mew : ore eV. 
of the sol. He tested the applicability of equation (2), supposing - to be 
0 


given by the percentage of red in the sol. His result is that the slower the rate 
of coagulation is the more 7 increases with time, a conclusion in harmony with 


2 


Kruyt and van Arkel’s results (cf. Table Il). Anderson * has extended these 
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experiments and has come to the same conclusion. Similar investigations on 
the congo ruby sol have been done by Luers.”” : 

Mukherjee and Papaconstantinou?* followed the same process with the 
spectrophotometer, measuring the absorption ‘at a certain wavelength. They 
discuss their results in the following ingenious way: If von Smoluchowski’s 
theory for slow coagulation were really correct, sols coagulated by different 
amounts of electrolyte would pass exactly the same stages, only after different 
times. Now every step is characterized by its absorption; so if we compare 
the times after which these different sols reach the same absorption there must 
be a constant relation between these values. At first these scientists found a 
rather good agreement between their results and the theory, but recently 
Mukherjee and Majumdar * came to the conclusion that with the As2S; sol 
this is only the case in the first stage of the process; subsequently the rate 
becomes smaller and smaller. So their conclusion is again in harmony with 
that of Kruyt and van Arkel. 

The only investigation in which the applicability of von Smoluchowskt’s 
theory for slow coagulation is defended is that of Jablczynski,'* but where 
Mukherjee and his coworkers have eliminated the relation between intensity 
of light and the size of the particles, Jablczynskt introduces the well-known 
relation given by Lord Rayleigh. However, from the work of Mie” 
we know this to be incorrect. Therefore we cannot attribute too much 
value to this only exception, and so we come to the same conclusion from 
these indirect measurements as we came to at the end of the preceding 
paragraph. 

The influence of temperature on the kinetics of coagulation has been 
controlled by Lachs and Goldberg ** for the gold-sol in the optical way. From 
the equations given on page 308 we can deduce easily that the time of coagula- 
tion must be proportional to the viscosity and inversely proportional to the 
absolute temperature. This was confirmed by Lachs and Goldberg. 


5. Tuer PropaBitity or ADHESION 


From what has been said in the preceding paragraphs we may conclude 
that von Smoluchowski’s theory of the mechanism of coagulation is proved by 
facts completely in case only the probability of collisions plays a réle, but that 
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with regard to the probability of adhesion, the phenomena are more complex 
than foreseen by the theory. Now one could say that a colloidal solution with 
a probability of adhesion 1 is only the cadaver of a sol, for it is deprived of 
its vital conditions. So up to now von Smoluchowski’s theory gives us only 
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a complete theory about a sol’s death and we have to look for other ways to 
understand the sol’s physiology ! 

First of all we may ask with respect to the probability of adhesion; why 
do only a part of all collisions ‘lead to coalescence? Freundlich ?® has given 
us some insight into this question by the following important train of thought. 
The particles, when electrically charged, repel each other; therefore they do 
not approach sufficiently to come reciprocally into their spheres of attraction. 
If a certain particle has, however, an abnormally great. velocity in consequence 
of its Brownian movement, it could be shot through the field of repulsion into 
the other’s sphere of attraction. Now when we have to do with a more or less 
stable sol, the mean velocity of a particle of certain mass is governed by 
temperature ; but not all particles of the same size will have exactly the same 
velocity—deflections of the mean value will occur according to Masxwell’s 
partition law. In Fig. 3 the ordinates are the number of particles for each 
velocity, given on the axis of abscisse. If a velocity uv, is sufficient to bring a 
particle so close to another to cause adherence, such will be the case too with 
particles having a still greater velocity. So the shaded part of the figure will 
be proportional to the number of particles fit for effective collisions, while 
the open part of the figure below the curve is proportional to those which will 
be elastically repelled. 

The critical velocity v. will be greater the higher the repelling tendency, 
1.e., the higher the electric charge of the particles. Strictly speaking, there- 
fore, a sol is never absolutely stable. On the other hand, without any charge 
on the particles the whole figure should be shaded; the threshold value is 
the electrolyte concentration corresponding to such a wv and such a charge 
that in a certain time a beginning of flocculation is just visible; the limit- or | 
flocculation-value is that concentration at which the “critical potential’ is 
reached, viz., when in a certain time complete flocculation is exactly reached. 

Now that the exact way of counting particles during flocculation and the 
other methods discussed above have given insufficient results, to get a good 
insight into the mechanism of slow coagulation, 1.e., in the change of the 
probability of adhesion, we must utilize other data to control the correct- 
ness of our points of view developed in the preceding paragraphs. As long 
as modern colloid chemistry has been studied, much attention has been paid 
to the flocculation concentration of different electrolytes. From the elder 
measurements of Schulze, Linder and Picton and so many others, Freundlich ** 
deduced his fundamental theory of the relation between adsorbability, valency 
and floccuiation, discussed elsewhere in this book; Hardy's? and Burton's *8 
results on the narrow relation between charge and stability of course is the 
foundation on which that theory is built. 

Now in reality this whole theory of Freundlich is a discussion of the 
change of the probability of adherence by the electric conditions, as they are 
changed by adding electrolytes. His starting-point can be formulated thus: 
to reach such a probability of adherence, that complete flocculation is reached 
within a certain time, equimolecular amounts of the flocculating ion must be 
adsorbed. However there is an unmentioned supposition, viz., that the prob- 
ability of collision remains unchanged. Now this is really the case in the 
greater part of investigations carried out in this domain; but there are cases 
in which both variables change, and then facts appear which can -be explained 
only from the points of view developed above. In the next paragraph we 
shall discuss the relation between the flocculation value and the concentration 


of the sol. 
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6. Tur CONNECTION BETWEEN THE CONCENTRATION OF A SOL AND Its 
FLOCCULATION VALUE 


Let us compare a sol and another, made by diluting part of the former 
in a ratio 1:1; so the latter will contain per ccm. half the number of particles 
compared with the former. Let us call the flocculation value of the first 
sol for a certain electrolyte y,; when we added to a liter of that sol y1 
mmols of that electrolyte, an amount of a mmols will be adsorbed and y% 
mmols will remain in the solution, while y;=y-+ a. To flocculate the sec- 
ond sol, every particle must adsorb the same quantity, and as there are only 
half the number of particles only %¢ will be adsorbed. As in both cases the 
adsorbed mass per cm.? is the same, the concentration of the external phase 
will be both times y. The flocculation value of the second sol, y2, will be 
therefore y2=y-+ 4%. This train of thought would lead to the conclusion 
that the flocculation value is the lower the more dilute the sol is. 

Kruyt and van der Spek ®® checked this theory in the case of the As253 
sol and found it correct for the barium and aluminium ion, but with the 
potassium ion just the reverse appeared: the flocculation value increased with 
dilution. The line of thought given above can explain this fact. Up to now 
we have reasoned as if we had to bring both sols to the same probability 
of adherence; this would be true only if the probability of collision were 
unchanged by dilution. However, such is of course not the case, for by 
dilution the particles are brought further from one another and in consequence 
the number of collisions per unit of time is decreased. To get the same 
effect of coagulation in the same time, it will be necessary to compensate the 
decreased probability of collision by an increased probability of adherence, 
i.e., by adding more electrolyte to increase the adsorbed amount of the flocculat- 
ing agent and to lower the electric charge of the particles by doing so. 

So we have met with one tendency affecting decrease and one affecting 
increase of the flocculation concentration as a consequence of dilution of the 
sol. Which will be predominant in a certain case? With the potassium we 
know from Freundlich’s *" theory that a (and %@) is’only a small part of y 
and therefore of y. Consequently the decreasing effect will be only small in 
the case of an ion of low valency. On the other hand we know from the 
investigations of Elissafoff °° on electroendosmosis, from those of Kruyt 4 
on streaming potentials and from those of Powis ** on cataphoresis, that a 
decrease of charge by a monovalent ion requires a rather high amount of that 
ion. So we see that with an ion of low valency the increasing effect will 
predominate, whilst another effect will set in with ions of higher valency. 
In Fig. 4 results of Kruyt and van der Spek ®® are represented; the floccula- 
tion value for the original sol is taken as unity for each electrolyte. These 
results illustrate the given theory: the monovalent ion showing an increase 
the trivalent ion a decrease in consequence of dilution; the divalent ion takes 
a middle position, here showing a decrease, whilst Burton and Bishop ** found 
a small increase with Ca and Zn. On the other hand Burton and McInnes *4 
found results practically concordant with those of Kruyt and van der Spek 
also Freundlich and Loening *° for the silver sol, and Freundlich and Scholz % 
for the sulphur sol. The results of Mukherjee and Sen ** are also in agree- 
ment with this theory. With positively charged sols Burton and Bishop ae 
found that the sol of CuO gave flocculation-values increasing with dilution 
in the case of the monovalent Cl-ion, constant values for the divalent SO,-ion 
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and decreasing for the trivalent PO,-ion. For the sol of Fe,Os; Kruyt and 
van, der Spek,” as well as Murphy and Mathews,** found decreasing values 
for the three ions just mentioned; at the other hand Kruyt and van Arkel *° 
found with the gold-sol increasing values with K, Ba and Al, decreasing 
values only with the quadrivalent Th-ion. However, these somewhat di- 
vergent results do not contradict the theory given above: specific conditions 
of each sol will regulate the valency of the added electrolyte at which the 
Increasing or the decreasing influence will predominate. But when experi- 
menting with flocculating ions with increasing order of valency, as soon as 
the decrease sets in, such must remain the case for all ions of still higher 
valency ; and this is proved in all the investigations carried out up to now. 
This specificity of different sols touches again the question as to what 
the correlation is between the electric charge and the probability of adhesion. 
Though up to the present we do not know the exact quantitative relation 
between these two, the results we have just discussed can give us some 
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information.*? In Fig. 5 three diagrams are combined: I. gives the well 
known Freundlich-diagram,** explaining the Schulze-Hardy-rule (to com- 
bine it with II it has been placed upside down); II gives the relation be- 
tween the concentration c of an electrolyte and the potential C at a surface 
(Krwyt*t), and III must give us the relation between the probability of 
adhesion K and the potential C, 7.e., the relation we wish to know. Now let 
the horizontal line in parts II and III be drawn just at the critical potential 
of the sol we are discussing, say the As.S,-sol. Why now is the curve in 
III drawn with the shape of our figure? K can vary from nearly O (at a 
high value of €) to 1 (at C=0). Now we know that addition of small 
amounts of an electrolyte has hardly any influence on the sol; therefore the 
K-line near to K =O is drawn convex to the € axis. On the other hand 
at potentials below the critical value, all sols coagulate almost spontaneously ; 
therefore the curve is drawn concave in the neighborhood of K=1. So 
we get a curve with a point of inflection. Now the influence of an electro- 
lyte on the change of C depends on the valency of the active ion (part II 
of our figure), this influence being larger the higher the valency. The in- 
fluence of the change of © on the flocculation, however, depends on the shape 
of the KC-figure. It was just this influence that had to counteract in our 
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theory given above, the probability of collision when decreased by the dilu- 
tion of the sol. If now part II of our Fig. 5 is of general applicability 
(and we have many reasons to assume that it is) the specific behavior of 
different sols must be sought in their KC-curve. Probably Fig. 6 gives the 
Kt-curve for a gold-sol: It points out the difference of a gold-sol com- 
pared to the As.S,-sol of Fig. 5; with this sol a slight augmentation of the 


concentration of a bivalent or trivalent ion causes a great change of © and 
the same of K; with the gold-sol, however, these ions change € in the same 
way, but that change of € changes K very little, at least in the neighborhood 
of the critical potential. To increase K sufficiently a still greater change of 
K and therefore of © is wanted and only the quadrivalent Th-ion can effect 
this. 

So we get a little insight into this instance of the mechanism of coagula- 
tion in an indirect way. It is interesting that Freundlich *® by quite another 


Fic. 6. 


train of thought has come to a similar relation between electric charge and 
probability of adhesion; only he uses quite other words. In Fig. 3 we learned 
his important theory about the influence of the critical velocity: we saw that 
those particles would adhere which had a velocity greater than u,, necessary 
to shoot through the repulsion area. The greater the charge, the greater 
the critical v. The shaded part of Fig. 3 compared to the open part gave 
the relation between the adhering and the total number of particles, but this 
relation is nothing else but the probability of adherence. Now Freundlich 2° 
has given a graphical representation as to how this relation varies with v, 
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after the application of calculus to the problem: the result is a so-called 
Gothic-arch curve, just as the KC-line in our Fig. 5. 

The train of thought given above enables us to come to a better under- 
standing of the terms flocculation-value, critical potential, rapid coagulation, 
etc. The S-shape of the KC-figure shows us that there is always a certain 
range of C-values, where a small change of € brings about an enormous change 
of the probability of adhesion. This change of © is caused by the concen- 
tration of the added electrolyte; therefore we can say as well that there is a 
certain range of electrolyte concentrations where a small change brings about 
an enormous change of K and consequently of the rates of coagulation. Within 
that range the time of coagulation changes from several hours (even days) 
to some minutes or seconds. Here is the transition from slow to rapid 
coagulation ; here lies that concentration, where coagulation is complete within 
a short time (two hours for an As,S,- sol, five minutes for a gold-sol, etc.) 
while a small diminution of the concentration brings about an enormous 
increase of time to come to same endpoint: so here lies the flocculation 
value. Therefore we can say, the flocculation value lies in the transition 
interval between slow and rapid coagulation; it cannot be defined more 
. sharply, as it is a function both of the probability of collision and that of 
‘adhesion, as we discussed above. The same can be said of the critical 
potential, being the €-value, which corresponds in part II of Fig. 5 to the 
c-value of the flocculation value. As we say in Figs. 5 and 6, the S-curve 
is in One case much steeper than in another, this being, of course, of great 
influence on the exactitude with which the flocculation value and the critical 
potential can be determined. (Cf. the papers of Powis *? and of Limburg * 
from this point of view.) 


7. OTHER FAcToRS THAN ELEcTRIC CHARGE EXERTING INFLUENCE UPON 
THE PROBABILITY OF ADHESION 
I. Hydration. 


Up to now we have considered the electric charge as the only factor 
exerting influence upon the probability of adhesion. With mere suspensoids 
this is indeed the case; but with lyophilic sols, as’ with emulsoids, another 
factor is of equal influence on this probability, viz., the hydration. To get 
an insight into the mechanism of coagulation of lyophilic sols we shall have 
to consider the influence of hydration first. 

The electric charge of a sol of agar-agar,** of starch * or of gelatine * 
can be taken away fully without causing the least indication of coagulation. 
If we add electrolytes to such a sol in concentrations of some milli-equiva- 
lents, which would be sufficient to flocculate a suspensoid sol, no flocculation 
sets in. Nevertheless the particles have. lost their charge, as can be seen 
from cataphoretic measurements, but, as these are not easy with emulsoid 
sols, still better by the observation of the disappearance of the effect, which 
von Smoluchowski has called the “quasi-viscous effect”? but what we may call 
the electro-viscous effect; ** the electric charge gives namely an increase of 
the viscosity of the sol. 

The reason that a discharged lyophilic sol does not coagulate cannot be 
sought in the probability of collision, which cannot be different from that 
of a suspensoid sol, but there must be some factor maintaining the stability 
of the sol by lowering the probability of adhesion, even when no electrical 
charge is left. It is obvious that this factor is the hydration of the particles, 
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for the discharged sol flocculates as soon as we add dehydrating substances 
such as alcohol, sulfuric acid, acetic acid, acetone, etc. Neutral salts too have 
a dehydrating influence in consequence of the hydration of their ions (Wash- 
burn **), this influence being dependent of the position of these ions in the 
so-called lyotropic or Hofmeister series. — Such salts, like MgSO, and 
(NH,4)2SOx, can cause flocculation or “salting out,” as it is usually called, 
by first discharging and then dehydrating the particles. Arwyt and de Jong 
have proved this for the sol of agar by studying the viscosity of the sol. e 
The viscosity of a dispersed system is governed by Einstein’s law: 


5 Ns Bo) 
=n (1450) or iene 2 


when 1; is the viscosity of the sol, 4, that of the external phase and @ the 

total volume of the internal phase. Therefore “ls __1 is a measure for the 
a) 

active volume of the dispersed phase and consequently indicates the degree 

of hydration. Only von Smoluchowski *" pointed out that Eimstein’s relation 

is valid for only electrically uncharged particles, the complete expression being ° 
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when r is the radius of the particles, € the potential in the double layer, D 


the dielectric constant and x the specific conductivity of the system. So 
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when adding small traces of an electrolyte (the necessary quantity being 
dependent of the valency of the ion with a sign opposite to that of the particle) 
Kruyt and de Jong *: first noticed a decrease of the viscosity caused by the 
removal of the electroviscous effect. When thereupon a dehydrating agent 
was added, whether alcohol or a MgSO, in concentrations up to 1-molar 
solution, a continuous decrease of the relative viscosity resulted and at a 
certain degree of dehydration flocculation set in. In Fig. 7 these results are 
represented graphically. When at the other hand first alcohol is added and 
almost complete dehydration reached in that way but leaving the electric 
charge unchanged, no flocculation occurs, the sol merely changing its char- 
acter from lyophilic to lyophobic. 
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__ These results lead us to this conclusion: The probability of adhesion 
in a lyophilic sol is not only dependent on its electric charge but also on its 
hydration, both being factors which counteract adhesion. As we know 
“critical potential” (Powis *?) for a sol with a stability depending only on 
its electric charge, we can speak of “critical hydration” for a sol depending 
only on its hydration. With a sol provided with both stabilizing factors it 
is of course possible that it be still stable when both these critical values 
are passed, but in such a way that both factors together give a sufficiently low 
probability of adhesion to the sol. In such a case the degree of discharge, 
necessary to cause flocculation, will be dependent of the present hydration, 
and on the other hand the degree of dehydration will be dependent on the 
present charge. An example of this last case we meet with the so-called 
alcohol-numbers ** ** for the flocculation of gelatin sols, which are a minimum 
when the sol is uncharged (py — 4.7) but rising when a positive or a negative 
charge is given to the sol.*8 

So we see that the mechanism of coagulation with a lyophilic sol, though 
quite comparable with that of a suspensoid sol, is only one degree more com- 
plicated: In both cases we can divide the mechanism into two parts: the mere 
kinetic, governed by the probability of collision, and the other, dealing with 
the effect of those collisions, governed by the probability of adhesion. How- 
ever, where this last is only a function of the particles’ charge with sus- 
pensoids, with emulsoids we have to take both electric charge and hydration 
into account. 


II.. Protective Action. 


It is a well-known fact that the coagulation of a supensoid can be retarded 
considerably by the addition of certain emulsoids.*® When we add gelatin to 
a gold sol, the dispersity of the gold sol is not changed, nor is the viscosity 
changed by the extremely small gelatin concentration which actually causes 
an enormous protective action; thus, the probability of collision is unchanged, 
and the reason for the retardation must be sought in a decrease of the prob- 
ability of adhesion. However, there is no appreciable increase of the electric 
charge as Freundlich and Loening ** pointed out with the Ag-sol. From the 
work of Zsigmondy*’ we know that the protective colloid is adsorbed by 
the gold, so the gold particles become surrounded by a layer of gelatin particles 
and we saw in the preceding paragraph that these bear the water of hydra- 
tion as a protector against coalescence, 7.e., as a factor diminishing the prob- 
ability of adhesion. So the gold particles get their share in this decrease 
of the probability of adhesion and consequently the problem of protective 
action is reduced to that of hydration, discussed in the preceding paragraph. 

From this we can expect that the rate of coagulation is diminished by a 
protective colloid, but that the general behavior of the process is not changed 
by it. Indeed, Luers?? found this to be the case with the sol of Congo red, 
when gelatin was added and Paine and Evans" found the same with the sol 
of copper oxide, when starch was added. 
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Theory of the Opalescence of Homogeneous Liquids 
and Mixtures of Liquids in the Vicinity of 
the Critical State * 


By Pror. Dr. ALBert Ernsrern, University of Berlin 


Smoluchowski has shown, in an important theoretical paper,t that the 
opalescence of liquids in the vicinity of the critical state and of mixtures 
in the vicinity of the critical solution point can be readily explained from 
the point of view of the molecular theory of heat. This explanation is based 
on the following general consequence from Boltzmann’s Entropy-Probability 
principle: an isolated physical system passes during an infinite time through 
all the states which are consistent with the (constant) value of its energy. 
But the statistical probability of state differs here appreciably from zero only 
in the case when the work which, according to the laws of thermodynamics, 
must be applied in order to bring the system to the state considered, from 
the state of ideal thermodynamic equilibrium, has the same order of mag- 
nitude as the kinetic energy of a monatomic gas molecule at the correspond- 
ing temperature. 

Therefore, if such a small amount of work is sufficient to bring about, 
in a portion of the liquid of the order of magnitude of a cube whose edges 
are equal to the wave length, a density which differs appreciably from the 
average density of the liquid (or a proportion of the components of the 
mixture which differs appreciably from the average proportion of the mix- 
ture) an opalescence (Tyndall phenomenon) must appear. Smoluchowski 
showed that this condition is actually fulfilled in the vicinity of the critical 
state; he gave, however, no exact calculation of the amount of light scattered 
laterally by the opalescence. It is the purpose of this paper to fill in this gap. 


§ 1. Generalities Concerning Boltzmann’s Principle. 


Boltzmann’s principle can be written down in the form of the following 


equation : 


S= Fle W + const. ae 


where 
R= the gas constant, 


N = the number of molecules in one gram molecule, 


S = the entropy, a : 
W = the quantity usually referred to as “the probability” of the state possessing the 


entropy value S. 


It is customary to let W be equal to the number of possible different ways 
(complexions) in which the state under consideration may be conceived as 


* Translated ty Dr. G. Y. Rainich, Johns Hopkins University, Baltimore, Md. 
+ Annalen der Physik., 33, pp. 1275-1298, Dec. 20, 1910. 
+ M. v. Smoluchowski, Ann d. Phys., 25, pp. 205-226, 1908. 
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realized, a state being incompletely characterized by observable parameters 
of a system in the sense of the molecular theory. In order to be able to 
calculate W we have to use a complete theory (e.g., a complete molecular- 
mechanical theory) of the system which we have in view. It therefore 
appears to be doubtful whether, if we accept this point of view, the Boltzmann 
principle alone, i.e., without a complete theory—be it a molecular-mechanical 
theory or any other theory which depicts completely the elementary phe- 
nomena (elementary theory)—has any significance at all. Equation (1) 
without the addition of an elementary theory, or—as we may put it—regarded 
from the phenomenological point of view, appears to be meaningless. 

But Boltzmann’s principle assumes a meaning independent of any ele- 
mentary theory, if we take over from molecular kinetics the theorem that 
the irreversibility of physical phenomena is only apparent and apply it, in a 
generalized form, to our case. 

Let us, then, assume that the state of a system is determined—in the 
phenomenological sense—by the variables A, . .. 4» which, in principle at 
least, can be observed. With every state Z is associated a combination of 
values of these variables. If the system is isolated, the energy does not 
change; and, in general, the energy is the only function of the variables 
which does not change. We consider all the states consistent with the amount 
of energy which the system possesses and denote them by Z,... Z,. If 
we do not accept as a principle the irreversibility of processes, the system 
will pass, as time goes on, again and again through the states Z, ... Z1. 
Under this assumption we may speak of the probabilities of different particular 
states in the following sense: if we imagine that the system was observed 
during an immense interval of time © and it was found that out of this 
whole time, the system was in the state Z, during a time 7, then the 
fraction t,/O is the probability of the state Z,, and similarly for the other 
states. According to Boltzmann the apparent irreversibility is accounted for 
by the fact that different states have different probabilities, and that it is more 
probable that the system will pass into a state of higher probability if it 
just is in a state whose probability is relatively low. The fact that 
the phenomena seem to follow strictly the law of irreversibility is due to 
the circumstance. that the probabilities of different states are of different 
orders of magnitude, so that among all the states which are in the vicinity 
of a given state Z, there is one state, Z., which almost certainly will follow 
Z,, because Z»y is vastly more probable than the others. 

It is the probability introduced in the way just outlined (in this case 
no elementary theory is required for its determination), which is connected 
to the entropy by the relation (1). We see easily that relation (1) must, in 
fact, hold for the probability so defined. The entropy is namely a function 
which (in the domain of applicability of thermodynamics) never decreases 
while the system remains isolated. There are still other functions having the 
same property but all of them are, if the energy is the only function of the 
system which does not change with time, of the form @(S, E), 0@/0S being 
always positive. Since the probability WV also is a function which does not 
decrease in any process, WY must be a function of S and E alone or—if 
only states with the same energy are being compared—a function of S alone. 
The fact that the relation expressed by Equation (1) is the only possible 
relation connecting W and S can be proved, as is well known, using the 
theorem according to which the entropy of a system consisting of partial 
systems is equal to the sum of entropies of the constituent systems. In this 
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way Equation (1) can be proved for all states Z which belong to the same 
value of energy. 

_At first the following objection against this interpretation of Boltzmann’s 
principle presents itself. What we have to speak of is not a statistical 
probability of a state but a probability of a region of states. Such a region 
ioepiven. by fa) patt Gor, the. enermy surface’: (A; ”. *,. An) = 0. “1t%is 
obvious that WV tends toward zero together with the magnitude of the part 
chosen. Therefore Equation (1) would have no meaning whatsoever but 
for the fact that the relation between S and W is of a very special type. 
Thus it so happens that lg W appears in (1) multiplied by a very small fac- 
tor R/N. Assume that we have found the value of W for a region G» whose 
dimensions are of about the size of the limit of perceptibility; lg W will 
have a definite value. Should we make our region, say, e?° times smaller, 
the right hand side would, as a consequence of this change of the region, 
decrease only by a vanishingly small quantity 10(R/N). If therefore we 
take the dimensions of our region small in comparison with observable 
dimensions, and at the same time large enough to make R/N lg Gyw/G., nu- 
merically negligible, then Equation (1) has a sufficiently precise meaning. 

So far it had been assumed that A, ... A, characterize completely the 
state of the system considered from the phenomenological point of view. But 
Equation (1) retains its meaning without restrictions also in the case when 
we are concerned with probabilities of a state which is not completely de- 
termined in the phenomenological sense, viz., which is characterized by definite 
values A, ... Av (with v<n) only while the values of the remaining 
A are left undetermined. Among all the states with given A, ... A, those 
will be by far the most frequent for which the entropy of the system (the 
values A, . . . Ay remaining constant) will be maximum. Equation (1) holds 
in this case for this maximal value of entropy and for the probability of this 
state. 


§ 2. On the Deviations from a State of Thermodynamic Equilibrium. 


We are now going to draw some conclusions from Equation (1) con- 
cerning the connection between the thermodynamic properties of a system and 
its statistical properties. Equation (1) gives immediately the probability of 
a state if its entropy is given. But we have seen that this relation is not 
an exact one: if S is known (1) permits us to calculate only the order 
of magnitude of W for the corresponding state. Nevertheless it is possible 
to deduce from (1) exact relationships governing the statistical behavior 
of the system, viz., for the case when the region of the variables (characteriz- 
ing the state) for which W has the values to be considered, may be taken 
as infinitely small. 


From Equation (1) it follows 
N 


Sues 
W=const.e® , 


This equation holds, as far as orders of magnitude are concerned, if we 
assign to every state Z a small region of the order of magnitude of the 
limit of observable quantities. To determine the constant, we use the fact 
that for the maximal value (S,) of entropy, the probability must be of the 
order of magnitude of unity, so that we have for the orders of magnitude 
N(Ss=S)) 
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Hence it follows that the probability dW for the quantities 4, ... A, to 
have values between A, and A, + da, ... Anand An + dhn, is of the order of 
magnitude * 


N 
S— So) 
dime eos, Chany. elias 
this is true in the case when the system is only incompletely characterized 
by the A, ... A, (in the phenomenological sense).f To be precise, dW 


differs from the expression just given by a factor f, so that we have to put 


N 
D1 FRY an acl Og he ae 
Here f is a function of the 4, .. . 4, and has such an order of magnitude 


as not to affect the order of magnitude of the right hand side.t 

We proceed now to find an expression for dW in the immediate neigh- 
borhood of a maximum of entropy. If the Taylor series converges in the 
region in question, we have to put 


S = So — FEL 5prrAprv + . 
0 
f=fo.+ XA, ao) +- Bae 


the state which corresponds to maximum entropy being assigned the values 
Ay hg =. «== An = 0 Of the variables. The-double sum im. the expres- 
sion for S is essentially positive since we are dealing with a maximum of 
entropy. We may, therefore, introduce instead of the A’s new variables in 
such a way as: to have only a simple sum, viz., the sum of the squares of the 
new variables, which we denote again by A, ... An. We obtain thus 


et Sakae oon 0 4 
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The terms which appear in the exponent are multiplied by the very large 
number N/R. For small values of the i’s corresponding to states which do 
not differ appreciably from the state of thermodynamic equilibrium the ex- 
ponential factor will therefore, in general, be negligible. For such small 
values of the i’s the factor f may be replaced by the value f, which corre- 
sponds to the state of thermodynamic equilibrium. In all these cases when 
the variables differ only slightly from the values which they assume in the 
ideal case of thermodynamic equilibrium we may write for our formula 


Nis 


dW = const. e® a ON ae ZN: (2) 


For such small deviations from the thermodynamic equilibrium, as those 
which we have to deal with in our case, the quantity S — S, has an intuitive 


interpretation. If we think of the states in which we are interested here as 
being brought about in a reversible way by external influences, then, accord- 


“We shall assume that the regions of observable quantities }, have finite extensions. 

t In the other case the manifold of all possible states would be only (m — 1)-dimensional in con- 
sequence of the energy principle. 

~ We do not know anything about the orders of magnitude of the derivatives of f with respect 


to the A’s. But we shall assume in what follows that these derivatives are of the same order of 
magnitude as f itself, 
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ing to thermodynamics, for every elementary process there must hold the 
energy equation 


dU =dA + TdS 


if U denotes the energy of the system and dA the elementary work which 
is being applied to it. We are interested only in states which can be assumed 
by an isolated system, in states, that is, which belong to the same energy 
value. For such a transition from one state to a neighboring state we have 
dU =0. We further make only a negligible error if we substitute in the 
above equation the temperature 7, of the thermodynamic equilibrium for T. 
This equation becomes then 
dA+T,dS=0 
or ; 


Jasss—s=—Ra, (3) 


and A denotes the work which has to be used, according to thermodynamics, 
in order to bring the system from the state of thermodynamic equilibrium 
to the state under consideration. We may write, therefore, Equation (2) in 


the form 
N 


dW =const.e RTs“ dh, . . . dn. (2a) 


We suppose that the parameters 4 are chosen in such a way that they 
vanish for the state of thermodynamic equilibrium. In a certain neighbor- 
hood it will be possible to use the Taylor series for A and by appropriate 
choice of the i’s we can give this series the form A = 42Xa,A,? + terms of 
degree higher than two in the i’s where all the a» are positive. Since, fur- 
ther, the quantity A appears in Equation (2a) multiplied by a very large 
factor N/RT,, the exponential factor will be appreciably different from zero 
in general only for very small values of A and, therefore, also for very small 
values of 4. For such small values of the (’s the terms of higher degrees 
in the expression of A will furnish contributions which are negligible in com- 
parison with terms of the second degree. If this is the case we can write, 
instead of (2a), the equation 


ol Laphy? 
dW = const.e *FTo."” dhy... dn, (2b) 


an equation which has the form of the Gaussian law of errors. 

We are going to limit ourselves in the present paper to the consideration 
of this important special case. It follows from (2b) immediately that the 
average value of the work A» which corresponds to the parameter hy is 
RT, 
oNee 
This average work is thus equal to a third of the average kinetic energy of 
a molecule of a monatomic gas. 


(4) 


Abs = dayh,? — 


§ 3. On the Deviations of the Spatial Distribution of Liquids and Mix- 
tures of Liquids from Homogeneous Distribution. 


We denote by pg, the average density of a homogeneous substance, or 
the average density of one of the components of a binary mixture of liquids. 
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Due to the irregularity of thermal agitation, the density p at a point of the » 
liquid will be in general different from g. If the liquid is contained in a 
cube which is given, for certain axes of coordinates, by 


ae ea b. 
Oa, 


and 
Of oon 


we may put for inner points of this cube 
? = Po —- A, 
af 


# Z 
fees sins por COS Zap 77,008 210 57008 2nt ie (5) 


The quantities e, o, + denote positive integers. But we have to take into 
consideration the following. 

Strictly speaking there is no such thing as density of a liquid at a point; 
we may speak only of the average density in a region whose dimensions are 
large compared to the average distance between neighboring molecules. 
Therefore, the terms of the above expansion in which one of the numbers 
e, 6, t exceeds a certain limit will have no physical meaning. We shall see 
in what follows, however, that this circumstance is of no importance here. 

The quantities B, 5; vary with time in such a way that their averages 


are zero. We are interested in the statistical laws which govern the quantities 
B. These play the role of the parameters A of the preceding section which 
determine the state of our system from the phenomenological point of view. 

According to the preceding section, we shall find these statistical laws by 
expressing the work A as a function of the quantities B. We can do this 
in the following way. If @(e) denotes the work which must be done in 
order to bring isothermally a unit of mass of the average density g, to the 
density pe, the corresponding work for the mass pdt, which is present in the 
element of volume dt, has the value 


eps, 
and, therefore, for the whole cube of liquid its value is 
A aoe fe Nid, 


We will have to assume that the deviations A of density from the average 
density are very small and make 


e=p.+A, 
moto + (M2) 844 (88) ar 


It follows from this, since m(p,) = 0 and J NGv 0, 


as ( OV OM Can 
oes (3; the ae) |4 eS 
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where the subscript zero is left out for the sake of simplicity. .We neplewedi: 
in the integrand, terms of the third and higher degrees; this is permitted 
obviously only when | 


Op 0? 
oy + $e Op? 


is not too small and the terms which are multiplied by A’, etc., are not too 
large. But according to (5), we have 

L3 

at 2 
Bacay rot 


[Aras = 
because the volume integrals involving products of two different Fourier 
coefficients vanish. We have thus, 


og O20 NL 
A=[{— => |= : 
(3 + de ) 8 ae apart 
If we express the work which it is necessary to apply in order to bring a 
unity.of mass from the state of thermodynamic equilibrium to a state when 


it has a definite density pg as a function of the specific volume 1/p = y, ice., 
if we put 


e(e) = H(z), 
we obtain a simpler expression 
Psa 2 
A= 6" oe 22% Boor (6) 


where v and 0\)/dv stand for the values which these quantities take for the 
state of ideal thermodynamic equilibrium. We notice that only the squares 
of the coefficients B appear in the expression for A, but not the products of 
different B’s. The quantities B are therefore parameters of the same type 
which appear in the Equations (2b) and (4) of the preceding section; hence 
we have it that the B’s follow (independently one from the other) the Gaussian 
law of errors, and Equation (4) gives immediately 


RT, 
BY at pot = (7) 


We succeeded thus in determining completely, that is in reducing to a 
function w, which can be found-thermodynamically, the statistical properties 
of our system. 

We must remark that it is permissible to neglect terms with A‘, etc., only 
when d*p/dv* is not too small, for the ideal thermodynamic equilibrium ; 
and, of course, we cannot neglect these terms when d*p/dv* vanishes as is 
the case for liquids and mixtures of liquids which are in the critical state. 
In a certain (very small) neighborhood around the critical state, the formulas 
(6) and (7) do not hold. But there are no fundamental difficulties which 
would prevent us from extending the theory by taking into account the 
terms of higher degree in the coefficients.* 


* Cf, M. v. Smoluchowski, Joc. cit., p. 215. 
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§ 4. Calculation of the Amount of Light which is Deflected by an In- 
finitesimally Inhomogeneous Absorptionless Medium. 


After having determined on the basis of Boltzmann’s principle the 
statistical law which governs the variation in space of density for a single 
substance or of the proportion of components for a mixture, we pass now 
to the study of the influence which the medium exercises on a ray of light 
passing through it. 

Let 9 =. +A again denote the density of the medium at a given point; 
or, if we deal with a mixture, the density of one of its components. Let 
the ray of light which we consider be monochromatic, The medium may 
be characterized with respect to it by the index of refraction g or by the 
apparent dielectric constant « which belongs to the corresponding frequency 
and which is connected with the index of refraction by the relation g = Ve. 


We put 3 
E — . 
eau t(S) Ase bs; (8) 


i, as well as A, are to be considered as infinitesimal quantities. 
The electric and magnetic force vectors E and H satisfy at each point the 
Maxwell equations, which—since we may neglect the influence of the time 
derivative of ¢ on the light—take the form 


¢ 0K = curls H: divH =0O 
c Ot i 
1 0H : 

or — curl z div (eB) =0 


where c is the velocity of light in vacuo. Eliminating H we obtain from 
this 


¢ OE 
Zaye AE — grad div E, (9) 
div (eB) = 0. (10) 


Let now K, be the electric field of a light wave, as it would be if ¢ would 
not vary in space, or, we shall say: the field of the exciting light wave. 
The actual (total) field E will differ from E, by an infinitesimal vector e, the 
field of opalescence, so that we have to put 


Ee Eee. (11) 


If we substitute the expressions (8) and (11) for e and E into (9) and 
(10), take into account that Ey satisfies Maswell’s equations with the fixed 
value of the dielectric constant €, and neglect infinitesimals of the second 
order, we obtain 


E, Oe 1 1 0°E, : 
a az Sey e op 7 stad div e, (9a) 
div (\E,) + div (ee) = 0. (10a) 


If we develop (10a) and use the fact that div E, = 0 and grad & = 0, we get 


div e=— E, grad t. 
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Substituting this in (9a) we find 


E> O7e LaneOe laa 4 ml ia 
A ge MO oe age tg Brad {Re rad} a | (9b) 


we have to consider the right hand side of this equation as a known vector 
which we denote by “a.” We see that there exists between the field of opales- 
cence e and the vector a a relation of the same form as between the vector 
potential and the electric flux. The well known solution is 


1 ('},, 2 : 
irre | ars memati (12) 


where r¢ is the distance of dt from the point at which we consider e, and V = 
c/V > is the velocity of propagation of the light waves. The volume integral 
is to be extended over the whole space in which the exciting field E, is different 
from zero. If we extend it only over a part of this space, we obtain only a 
fraction of the field of opalescence, namely that part of it which is due to the 
~ action of the exciting light wave in the part of space considered. 

We propose now the problem of finding that part of the field of opales- 
cence which is produced by an exciting monochromatic light wave inside of 
a cube 

o<#<l, 


On< Vic il, 
© ZEKih 


The dimensions / of this cube shall be small compared to the dimensions L of 
the cube introduced before. 
The exciting plane wave shall be given by 
nr 

B, = A cos 2nn(t— TV (13) 
where n is the unit vector perpendicular to the plane of the wave (with com- 
ponents a, B, y) and r the radius vector with the initial point at the origin 
(components +, y, 2). We consider a point on the X axis of our system of 
coordinates, whose distance D from the origin shall be, for the sake of sim- 
plicity, infinitely great in comparison with /. For such a point equation (12) 
takes the form: 


1 
°= FDI tal, , sds (12a) 
because we have to put 
: Pisa pearl D—-s 
On a V —— 0 V 
and we use for abbreviation 
D 
to V =h; 


we can substitute for the factor 1/r in the integrand the constant factor 1/D 
which differs from it only infinitesimally. 

We have now to calculate the integral appearing in (12a) over our cube 
of edge I, taking for a its expression in (9b).. We make this calculation easier 
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by introducing the following symbol. If @ is a scalar or a vector’ function of 
x,y, Zand t, we put 
o(« y, &, t+ z) =e 
so that p* depends only on x, y and z. For a scalar we have immediately 
uk GAY: 
grad p* = (grad p)* + iz, (32) ; 
where i denotes the unit vector in the direction of the X axis and it follows 


from this that j aie 
| (grad o)*dt = {grad g* dt—i v x) dt. 


The first integral of the second term may be transformed through partial inte- 
gration. If N denotes the outside unit normal vector to the surface limiting 
the volume over which we integrate, and ds the element of surface, then 


| grad Q.aT = i p*Nds. 


We have therefore 
| (AONE | wats —iz|( 3) an. (14) 


If @ is a function of an undulatory character then the surface integral in 
the right hand side of our equation furnishes no contribution which is pro- 
portional to the volume of integration; we can say more: it furnishes no 
contribution which has to be taken into account. In this case, therefore, an 
integral of the form 


i (grad mp) *dt 


can furnish a contribution only to the X component. 
If we form now the two integrals which arise when we substitute the 


expression for a given by equation (9b) in the integral 


[ards 
appearing in (12a), we see that the second of these integrals has just the form 
of the left hand side of (14), @ being in this case E, grad. Since this is actu- 
ally a function of undulatory character and, moreover, grad t vanishes at the 
surface, the second integral can furnish, according to (14), an appreciable 
contribution only to the X component of e. A more detailed calculation shows 
that this second integral just compensates the X component of the first integral. 
But we need not prove this because the vanishing of e, is a consequence of the 
transversality of light. It follows, therefore, from (12a) and (9b) if we take 
into account what has just now been said 


en == 0) 
ar 1 | (0? Bo, \* 

% rae u( a ) a (12b) 
gies 1 0? Koz \* 

°a 07 Ande? f ( Ot? ) ges 
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We shall now calculate e, from the second of these equations ; from (13) we 


have 


Ole /aih 
for t we use the expression which follows from (8) and (5). 


the signs of summation and integration we have 
1 fa) 


__ A,(2nn)? de | [ ( ( 
ey = ant coat Bean eo | cos 21n { ¢t, + v 


. COS ( 2m: x) . COS (220 s . COS (2x: zr) dx dy dz, 


the integral being extended over the volume of the cube with the edge of length 


2 * - 
F oS) aati Ionia enh ( +5 —-St es), 


Interchanging 


1. The volume integral is of the form 
J oe = || feos (2nunt, + Ax + py -+ vz) cos A’% cos u’y cos v’ 2 dx dy dz 
J 
and we have to consider A, pt, v, A’, Ww’, v’ as very large numbers.* If we per- 


form the integration indicated and neglect terms which contain in the denom- 
inator one or more of the very large quantities (A- 0’), etc., we have to put 


: Gl gage ried Da pale el. 
ey Ae sin (dM —W’) 5 sin (v W)5 
Bese (7) ae SREP RT 


. COS (Cee ee: 


We see that J oo¢ differs from zero appreciably only for such values of 
e, 6, t for which the differences (A—A-), etc., are not very large. We note 


that we have put ' 
= i, aes ee 
Nes) 2nn ae i Sl pa 
w= —2nn Pe = ~ isa) 
ae Ne 
vi — v Vv Te 


We have now, if we use the abbreviation 
A, (2m)? de __ 


AnD e*as0p hee 
ey = ALZXB oo, J 567 (12c) 
o0T 


# he calculation which follows \, “#, v are taken to be positive. If this is not the case, then 
one Sh rates signs in (15) have to be changed. But the final result is the same, 
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Together with (15) and (15a) this equation gives the value of the field of 
opalescence for every given moment t, =t, + D/V at the point + =D, y= 
z=0. Weare especially interested in the average intensity of the light of 
opalescence, the average being taken both with respect to time and with respect 
to the variations in density which produce the opalescence. We may take as a 
measure of the average intensity the average value of e? = e,?-+ e,”. We have 

ee? = AIT Boot Bolg’ s! J oor J ofa’a! f 

potpot’ 
the sum being extended to all combinations of the indices p, 6, t, p’, 0’, t/— 
always for the same value of t,. We form now the average of this quantity 
with respect to the different distributions of density. We see from (15), that 
the quantities J oot do not depend on the distribution of densities; neither 


does the quantity A. We have therefore 
e? = APLIZVZZB 05, Borg’! J oot J ota’c’s 


if we denote the average value of a quantity by a bar over the corresponding 
symbol. 

But since, according to § 3, the quantities B follow (independently of 
one another) the Gaussian law of errors (at least as far as our approxima- 
tion goes) we must have, except for the cases when p= p’, o=0’, and 
Gila 


B o67B o’o’a’ = 0. 


The expression for e,? reduces therefore to 

e,? — A2>>>B? pot! p0T 
This is, however, not as yet the required average. We have to take also 
the average with respect to time. Time appears only in the last factor of 
the expression (15) for J,,,. If we consider that the time average of this 


factor is 4 and introduce the abbreviations 


(A= W)1 

if 2a ane 

ten, ee 
(v—v’)l 

BG Bia 


we obtain for the final average ey? the expression 
sin’& sin?y sin? 
&2 ne c & 
According to (7) B* »5q is independent of got; we therefore can put it 


before the summation signs. Further, the difference between two values of 
§ which belong to consecutive values of p is, according to (16) and (15a) 


aU aed é Rae , , 
aE and this is an infinitesimal quantity. It is, therefore, possible to transform 


— 6 ier ME 
ef = 442. (5) TEEB 5; 
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he triple sum into a triple integral. From the remark just made we see that 
he interval AE between two consecutive values of & satisfies the relation 


ers 
so that 
sin2E sin?y sin? Ceiaye sin’§ sin’y sin®¢ 


and the last sum may be simply written as a triple integral. We conclude from 
(16) and (15a) that we may take — o and + © as the limits of these in- 
egrals; the whole sum equals, therefore, a product of three integrals each 
of which has the value x. If finally, we use equation (7), and substitute for 


A its expression, we find for e,? 


: N 


Oe 2 
=—> RT, \0¢ Zin \* FE. A? 
e,? = ~~ AYA \\ po fi DINe ? 
- OMA CJ (4nD)?y 2 

Ov? 
or, if we use throughout the specific volume and substitute the wave length A 
for c/n, 


de \? 
Ft.” (os ee 17 
v=N om \a) Gedy? 2~ re 
Ov" 
Here ® denotes the volume (the shape of this volume is of no importance) in 
which the amount of opalescence which we consider, is produced by the passing 
radiation. An analogous formula holds for the zg component while the x 
component of e is zero. We see that the intensity and the state of polariza- 
tion of the light of opalescence which is emitted in a given direction is deter- 
mined by the projection of the electric vector of the exciting radiation on the 
normal plane to the ray of opalescence, and does not depend on the direction 
of propagation of the exciting radiation.* If we denote the intensity of the 
exciting light by J, that of the light of opalescence at a distance D in a definite 
lirection from the point where the excitation takes place, by J,, the angle be- 
tween the electric vector of the exciting light and the normal plane to the ray 
yf opalescence by @, we have, according to (17), 


(a) 

Teg Bla GOD of On \tie Org 

= ey (F) cape ie. 
av 


We calculate now also the apparent absorption which is due to opalescence by 
ntegrating the light of opalescence over all directions. We obtain 


* ‘ surprising that our light of opalescence has this property in common with the light 
f mei ae Ge eee suspended bodies which are small compared to the wave length of light. In 
in cases we have irregular deviations from homogeneity of the substance through which the 
adiation passes and these deviations vary rapidly from place to place. 
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(3) 
Ast 
ean a (18) 
6a N al d 
Ov* 


where a is the absorption constant, so that if the light passes a stratum of 
thickness § the factor of attenuation is e—®. 

It is significant that the principal result of our study given by formula 
(17a) permits us to determine exactly the constant N, 1.e., the absolute magni- 
tude of molecules. In what follows we shall apply this result to the special 
case of a homogeneous substance as well as to a binary mixture of liquids in 
the vicinity of the critical state. 


§5. Homogeneous Substance. 


In the case of a homogeneous substance we have to put 


and therefore 
Oey 0p 
On noe 
We have, further, according to the relation of Clausius-Mosotti-Lorentz, 
Soa : v = const 
et2°>-— i 


and therefore 


(3) = (e—1)?(e A) 


dv ou; 
If we substitute these values in (17a) we obtain 
Jo RTs (sl) ?te= 2)? (2% \t=® E 


ipa aoN Op 
ov (—3) 


The meaning of different letters in this formula which gives the ratio between 
the light of opalescence and the exciting light, if the former is measured at a 
distance D from the volume ® which is primarily subjected to radiation, is the 
following: 


R= the gas constant, 

T =the absolute temperature, 

N =the number of molecules in a gram molecule, 

€ = the square of the refractive index for the wave length A, 

v =the specific volume, 

C6) 4 Pty as 6 

Re = the isothermal derivative of the pressure with respect to the volume, 

@ = the angle between the electric field vector of the exciting wave and the normal 
plane to the ray of opalescence considered. 


The circumstance that 0p/dv is the derivative taken isothermally, and not 
adiabatically, is connected with the fact that, among all the states which belong 
to a given distribution of densities, the state of equal temperature for a given 
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total energy, is the state of largest entropy and therefore of greatest statistical 
probability. 

If the substance, with which we deal, is an ideal gas, we may put ¢ + 2 
approximately equal to 3. We obtain for this case 


Jo __ RT. (e—1)? (/2x\* © : 
ow p(T) eae? os 
Calculation shows that this formula might very well furnish an explanation 
for the existence of a predominantly blue light emitted by the ocean of air 
when a radiation passes through it.* It is remarkable that our theory makes 
no direct use of the assumption of a discontinuous distribution of matter. 


$6. Mixture of Liquids. 


According to its derivation, equation (17a) holds also for mixtures of 
liquids if we put 
v = specific volume of a unit mass of the first component. 
w= work which it is necessary to apply in order to bring a unit mass of the first 
component, by a reversible process at a constant temperature from the specific 
volume of temperature equilibrium to a certain other specific volume. 
It is possible to express the quantity p through observable quantities if the 
vapor which is coexistent with the mixture of liquids may be considered as an 
ideal gas and the mixture as incompressible. In this case we find w with the 
aid of the following elementary considerations. 

We denote by k the mass of the second component which is admixed to a 
unit mass of the first component. We may consider then k as a measure of 
the composition of the mixture, the total mass of whichis 1+ k. This mixture 
includes a vapor phase; let p” be the partial pressure and v” the specific 
volume of the second component in the vapor phase. Let us assume that. the 
system is enclosed in a vessel, a part of a wall of which is semipermeable so 
that the second component (but not the first) may be made to pass through 
it in both directions in the state of gas. Assume, further, that we have another 
vessel of relatively infinite dimensions, which contains a relatively infinite 
amount of the mixture of the composition (characterized by k,) for which we 
want to calculate the opalescence. Let the second vessel also contain vapor in 
a space with a semipermeable wall. Let us denote the corresponding values of 
the partial pressure and specific volume for the second component by p,” and 
v,’’. Let the temperature inside of each vessel be 7,. We calculate the work 
which it is necessary to apply in order to increase by the amount dk the meas- 
ure of concentration k in the first vessel through the transport, in a reversible 
way, of the mass dk of the second component from the second vessel. This 
work is composed of the following three parts: 


= a Bila! (Work done in removing gas from second vessel. ) 

dk Tl Pp” (Isothermal compression to conform with partial pressure 
a” off Po” in first vessel.) 

oli ot pv” (Work done in introducing gas into first vessel.) 


i i i ; iati emitted single gas 
* Equation (17c) may also be obtained, by summing up the radiations emitted by the sing 
tes(cculed and assuming that their distribution is entirely irregular. (Compare Rayleigh, Phil, Mag., 
47, p. 375, 1899, and Papers, 4, p. 400.) 
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We neglect here the volume of the liquid as compared to the volume of the gas. 
M” is the molecular weight of the second component in vapor phase. Since 
the first and the third term compensate each other, according to the law of 


Mariotte, we obtain aN 

dy = Gr dk lo 
The function w is thus directly calculable from concentrations and _ partial 
pressures. We have now to find 0w?/dv* for the state which we denote by the 
index “.” We have 


iia 


p” he p” — po” uo 7 hot 


where zt is the relative change of pressure of the second component in compari- 
son with the original state. It follows from the last two equations that 


og Oa 
aug .e Sui ete 
Ome Vt Ov ; 


Ok 
Differentiating once more with respect to v and considering that 
at 
tl 
dv OV 
Ok 
we obtain, on making x = 0 in the result, 
on 1 Op” 


Ove for Me OO NE aM hy (On \ 2 
Ok Ok 


If we take this into account and notice that 


O& 
ds __ Ok 
dv _ dv? 

Ok 


then the formula (17a) becomes 


de 2 
Jo. M’ \ OR) (2n\" @ ¥ 
J, N d(lgp”) ) (4nD)2 °° ?: 
Ok 


(17d) 


This formula, which contains only quantities which can be determined by 
experiment, determines the properties of opalescence of binary mixtures of 
liquids, inasmuch as their saturated vapors can be treated as ideal gases, com- 
pletely with the exception of a small region in the close vicinity of the critical 
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point. It would seem, however, that the possibility of a quantitative deter- 
mination in this region is excluded in any event because of strong absorption 
of light and its great dependence on temperature. We repeat here the meaning 
of the symbols which appear in the last formula and which have not been 
explained after formula (17b). 


M” is the molecular weight of the second component in vapor phase, 
v the volume of the mixture in which a unity of mass of the first com- 
ponent is contained, 
k the mass of the second component which corresponds to a unity of 
mass of the first component, ~ 
p” the pressure of vapor of the second component. 


It might seem strange that in (17d) the two components play different roles ; 
but we notice that there exists a known thermodynamic relation 


bar 5 staan be lap 
My Mk 
We can conclude from this that it makes no difference which component we 
consider as the first and which as the second. 

A quantitative experimental investigation into the phenomena dealt with 
nere would be of great interest: it certainly would be worth while to know 
whether Boltzmann's principle actually predicts correctly the phenomena con- 
sidered and, on the other hand, we could obtain through such investigations 
exact values for the number N. 


I desire to express my thanks to Dr. Ludvik Silberstein and to Prof. Paul L. Saurel 
for aid in reading proof of this paper, so splendidly translated by Prof. Rainich. 

The next paper deals with further aspects of light scattering, and some remarks on 
the significance of opalescence are given on p. 17 e¢ seq. : 


The Scattering of Light in One-Phase Systems 


By Pror. W. H. Martin, 
Chemical Laboratory, University of Toronto, Toronto, Canada 


HistoricAL REVIEW 


The fundamental theory of Light-Scattering in one-phase systems—often 
called molecular scattering—was written many years before the first labora- 
tory observation of such scattering was made. The reason for this inversion 
of the usual sequence is that the theory of scattering in one-phase systems was 
patterned after the theory of scattering developed in relation to experimental 
work done on true colloidal solutions. Rayleigh? developed a theory which 
satisfactorily accounted for the observed scattering by transparent colloidal 
particles; while Garnett ? and Mie* extended the theory to include the case 
of scattering by metal sols. 

On the basis of the kinetic theory of matter, any pure gas, liquid or solid 
should scatter light for exactly the same reason as does a true colloidal solu- 
tion in which there are particles small compared to the wave-length of light. 
We have only to let our colloidal particle surrounded by its dispersing phase 
become a molecule surrounded by space. Although the molecular scattering 
of light would then appear to be a necessary corollary of any molecular 
hypothesis, a long controversy has raged as to the existence of light-scattering 
in dust-free media. 

In 1899 Rayleigh * showed that according to his theory the light scattered 
by dust-free air was sufficient to account for the observed intensity, color 
and polarization of the light of the sky. Abbott and Fowle,® and King ® 
from data on the attenuation by the atmosphere of solar radiation, after 
making allowance for the effect of dust, and on the assumption that the 
extinction is all due to scattering, calculated the Avogadro number to be 
6.23 < 1078; the agreement of which with the accepted value lent consider- 
able support to Rayleigh’s theory of the blue color of the sky. 

In 1913 the author, working in Professor F. B. Kenrick’s laboratory on 
the removal of dust from liquids, came to the conclusion’ that the scattering 
observed in liquids freed of dust by various methods was a property of the 
liquids themselves. Apart from the early observations on critical opalescence, 
this is the first statement based on direct experimental evidence that any 
dust-free medium scatters light. In 1915 Cabannes observed in the labora- 
tory the scattering of light by dust-free air and other gases,® and soon after- 
wards Smoluchowski® and R. J. Strutt ?° working independently confirmed 
Cabannes’ results. 

Following upon these researches a great deal of experimental work has 
been done on scattering in gaseous and liquid media, until it is now well 
established that all dust-free gases and liquids—and probably solids—scatter 
sufficient light to permit of visual and photographic study. 
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: - Licut SCATTERING By GASES 


Lord Rayleigh * formulated the relations for scattering by a nearly trans- 
parent medium, consisting, of particles much smaller than the wave-length of 
light, of spherical optical symmetry, and distributed at random. His theory 
leads to the following relation: 

Tr? ax? (u?—— 1)? : 
geameanaat rs spots) a 


where J is the illumination of a plane normal to the scattered beam, at a dis- 

tance r from the medium of volume V causing the scattering, and in 
a direction making an angle 0 with the direction of propagation of 
the exciting beam. | 

E is the illumination of a plane normal to the exciting beam, supposed 
parallel and unpolarized. 

n is the number of scattering particles per unit volume. 

i is the wave length of light, and wu is the index of refraction of the 
scattering medium. 


This scattered light will be completely polarized in the plane containing 


the incident and scattered rays if 9 ==, and for any value of 4 the ratio 


I 
ox 
of the weak to the strong polarized component as seen, for example, through 
a properly oriented double image prism is cos? 9. The two limiting hypotheses 
on the basis of which the above relations are deduced are (a) that the scatter- 
ing particles are optically isotropic, and (b) that they are distributed entirely 
at random. The latter condition, according to the kinetic theory, is fulfilled 
by the molecules of a gas which obeys Boyle’s law. 


EXPERIMENTAL WorK ON GASES 


A. The Polarization of Scattered Light. 


R. J. Strutt,44 Cabannes ?* and Gans #* using a photographic method have 
studied the state of polarization of the light scattered by a number of gases 
in a direction at right angles to that of the incident beam. The gases were 
freed of suspended matter by Tyndall’s method of filtration through cotton 
wool.!*- The results for a number of gases are given in Table I, column 4, 
where the depolarization factor is defined as the ratio of the intensity of 
the weak to that of the strong polarized component of the scattered light, the 
exciting light being unpolarized. 

TABLE I 


Relative intensity: of Scattered Light 


ir 1) Depolarization 


Gas Observed Calculated from (2) Factor 
ATTRA eter etn iad cow cete Peters 1.00 1.00 0.040 
Gpaigail! CabocuMon EES oeOonRenee 0.90 0.86 0.054 
(COM ase dcaeh es eesee on eee 2.62 2.65 0.095 
Nitrogen 0.95 1.03 0.028 
Hydrogen ..... 0.23 0.22 0.017 
(A rorOndears Serer bate 0.79 0.85 0.004 
(BAR Chan Bln done DereR neck sree a — 0.00 
Benzene — —- 0.06 

Se eT iitie Ge. ciens'syeces — 
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It is evident that for no gas except possibly the monatomic gases argor 
and helium is the scattered light completely polarized. The hypothesis that 
the molecules are isotropic must then be modified. The more complete in- 
vestigation, which includes the case of scattering by particles of any shape, 
shows that formula (1) must be replaced by 


IAs wi —1)* 2 Ot Ae) y, (te testy (2) 


EV en 72 hale 
The factor ele, due to Cabannes, is called the Cabannes’ correction 
factor. 


Rayleigh ** in one of his last papers indicated how the depolarization 
factor could be evaluated in terms of certain parameters of the molecule 
related to the “shape” of the molecule. For a gas the limiting possible 
values of p are 0 and 0.5; the former being the value of p for molecules 
of spherical symmetry, while the latter would result from molecules in which 
the vibration could occur in only one direction. If we make the arbitrary 
assumption that the molecule is an ellipsoid of revolution, so that we can 
express its shape in terms of two variables, then the ratio of the two axes 
of the ellipsoid could be determined from measurements of ¢. Some in- 
teresting calculations of this kind have been made by J. J. Thomson,’* Gans "8 
and Havelock."® 


B. The Intensity of the Scattered Light. 


For the same gas at different pressures and temperatures it is well estab- 
lished that the depolarization is constant and that the intensity of the scatter- 
(p= G 

n 


is proportional to the density. There is some contradictory evidence as to 
whether at high pressures where the gas departs appreciably from Boyle’s law 
the same rule holds. Strutt °° found that for carbon dioxide at pressures up 
to 60 atmospheres the intensity of scattering was proportional to the pres- 
sure. Ramanathan’s** results are quite contradictory to this conclusion. 
Strutt says that his own apparatus leaked at high pressures and the bal- 
ance of evidence points to a breakdown in Equation (1) for gases at high 


ing varies as the density, as would follow from Equation (1) since 


pressures. 
For various gases at the same pressure and temperature the scattering 

1 : 
should vary as (Ww? — Agee. The comparison of observed and calcu- 


lated values of relative intensities in Table I shows this is true within the 
experimental error. 

It is evident from (2) that a measurement of the ratio of scattered to 
exciting light leads very directly to a determination of n, the number of 
molecules of a gas per c.c. Cabannes has made this measurement with the 
greatest care, using argon gas. He deduces a value of the Avogadro number 
(6.90 + 0.25) X 10°. It would seem that this method of determining n is 
as accurate as other methods and that the theory on which it is based rests 
upon few and simple assumptions. 


* For derivation of this last factor see Bibliography 15. 
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Licgut SCATTERED BY DENSE MEDIA 


Rayleigh’s formula for scattering, depending as it does on the assumption 
of random distribution of the molecules, could not be applicable to such media 
as liquids or highly compressed gases. Rayleigh himself says “. . . When 
the volume occupied by the molecules is no longer very small compared to 
the whole volume, the fact that two molecules cannot occupy the same space 
detracts from the random character of the distribution. . . .” 

Smoluchowski *? and Einstein ** have investigated the scattering in such 
dense media using the theory of fluctuations of density due to the thermal 
motions of the molecules. By the use of Boltzmann’s principle these fluctua- 
tions are evaluated in terms of the isothermal compressibility of the medium. 
Smoluchowski finds for the mean square of the fluctuation of density of a 
small volume @ of density d, 


RT Bod? 


(Ad)? = No (3) 


where f, is the isothermal compressibility ; R is the gas constant = 8.31 * 10°; 
T is the absolute temperature; N is the Avogadro number = 6.5 < 1023, 
2 


p : 1 eer 
From the Lorentz-Mossotti relation i 772 = constant  d, the variations of 


refractive index resulting from these variations of density are found; and 
the light scattering is then calculated by a method not essentially different 
from Rayleigh’s method, the final expression for the scattering being: 


2RTB, Ea erere 2)2 . 
Fe ee 1 t cos 0). (4) 


Correcting this expression to allow for the observed imperfection of polariza- 
tion of the scattered light we have corresponding to (2) 


omer Pol WNires 1) oie e) Ollie). be cos 9 ci. pisin? 8 


jae ign Sk aay RAS Fats (9) 
L. V. King *4 makes two slight changes in (5). He substitutes the adi- 

2 2 

abatic for the isothermal compressibility and omits the factor Rees 


from the formula. 
It will be noted that (5) is much more general than (2) since: (i) for 


1 
gases which obey Boyle’s law, where po aat) and p?+2=almoast 3 (5) 


reduces to (2). (ii) It purports to hold true for all sorts of dense gases 
and liquids. (iii) It accounts for the remarkable opalescence of gases and 
liquids near the critical condition. 

This formula too like (2) “enjoys the property of invariance with respect 
to details of molecular structure.” Einstein goes so far as to say that 
“|. our theory does not make direct use of the assumption of a dis- 
crete distribution of matter.” It is, however, well to keep in mind that local 
fluctuations of density within a, medium are a necessary consequence of 
the kinetic theory, while apart from it their hypothesis becomes purely 
arbitrary. 
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_ SCATTERING IN LIQUIDS 


A. Experimental Method. 


The study of scattering in liquids becomes possible only after all the dust 
has been removed. There are several methods of removing dust from liquids: 
Cataphoresis,”®> the dust being attracted to the electrodes when a potential 
difference is maintained between them. [nvelopment,”® the dust being carried 
down by gelatinous precipitates such as aluminium hydroxide. — Ultrafiltra- 
tion 2° through membranes such as collodion. But the method which has 
proven most convenient and most generally applicable is that of distillation 
in vacuo 27 without ebullition (Figure 1). 


eTGaels 


Any liquid which can be thus distilled without decomposition can very 
easily and in any quantity be. freed of dust. The dust-free liquid is examined 
in the cross-shaped container, the exciting light entering and the scattered 
light being observed through sealed-in flat glass end-plates. It is very diffi- 
cult to make these seals with soda or lead glasses but proved very easy when 
pyrex tubes and plates were used. The cross-shaped container was used here 
as it was also used in all experiments on ‘scattering in gases, since it gives 
the best black background against which the faint scattered light may be 
observed. 


B. The Polarization and Intensity of the Scattered Light. 


Measurements of the polarization and the relative intensity of the light 
scattered by about twenty different liquids have been made by Martin and 
Lehrman ?* (Table IT). Some of these measurements have been repeated by 
Raman 7° and Cabannes,®*® whose results are for the most part in good agree- 
ment with those listed in the table. 


TABLE IT 


Relative Intensity of Scattered Light 


(Benzene 1) Depolarization 


Liquid Observed Calculated Factor 
Walter he ce ees 0.068 0.088 
Methylcalen eo tk ieaee 0.191 0.187 0071 
Ethyl alettmd ac aes 0.200 0223 50 | 0.078 
n-propyl ales oh.cc. see 0.260 0.228 0.085 
Isobutyitalcs ui ta eee 0.280 0.255 0.085. 
TSoamiyl (al Caueeeee eee 0.298 0.233 0.090 
Ethetost 2 2b Be 208 © ae 0.355 510.324 0.10 ° 
Benzene. Wesese eed. ae 1.00 1.00 0.485 
Folueriex chvones jo oh teen 1.14 Oza 0.49 
Nyletie-ci usec tee eee eee 1.26 £12 0.52 
Chlorobenzence eee en eeee 1.46 ai. eS 0.54 
Carbon bisulph. ............ 4.55 4.85 0.71 


Chloronaphthalene® ..%. 25... 4.90 6.50 0.78 


THE SCATTERING OF LIGHT IN ONE-PHASE SYSTEMS 345 


It is evident from a comparison of the depolarization factors listed in 
Tables I and II that all substances polarize the scattered light much less 
completely in the liquid than in the gaseous state. It is noteworthy also that, 
where data for both liquid and gas are at hand, the substance which has a rela- 
tively high depolarization factor in the gaseous state has also a high depolariza- 
tion factor in the liquid state. 

L. V. King has compared the observed relative intensities with those cal- 
culated from his modification of Einstein’s formula. Table 11 shows that 
the agreement is fairly satisfactory. The relative intensities calculated from 
Einstein’s formula (5) are of course not greatly different, but King’s modifi- 
cation seems to fit the observations somewhat better. 

Cabannes *° has sought a theoretical explanation of the very large values 
of e observed for liquids. In the liquid state the electric field within the 
molecule will be distorted by the neighboring molecules. The effect of this 
external field may be expressed in terms of the diameter of the molecule. 
Cabannes’ investigation leads to the following relation between e, and py 
—the observed depolarization factors for the liquid and vapor states—and 6, 
the diameter of the molecule, 


(ex — ev) (3 —4er) So Red en bes 
(Jer + 3)(1+ 2e7) , 200 MNO 


(6) 


where R = the molecular refraction; d the density; M the molecular weight 
yf the liquid; and N the Avogadro number. 

Substituting the experimental values for ez, and py Cabannes finds for 
he minimum diameter for the molecule of ether 2.90 &« 10-8 cm. of benzene 
ind carbon bisulphide 2.2  10°° cm., results which are in very happy agree- 
nent with values of 8 deduced from other considerations. 

An interesting deduction from (6) is that, if we assume that gy is in- 
ilependent of A (there is need of more definite experimental proof that this 
s true), then e, must change with 4 since R changes with i. It follows 
‘rom (6) indeed that the polarization of the scattered light should be more 
omplete, the longer the wave-length of the light ; and that for different liquids, 
hose liquids with high dispersive power should show the greatest variation 
yf the depolarization factor with A. Cabannes has studied the variation of 
, with 4 for liquid carbon bisulphide and for benzene and obtains results 
n agreement with (6). Raman * finds that for all liquids which he studied 
he polarization was slightly more complete for red than for blue light; but 
hat water, which has the smallest dispersion, shows the greatest variation 
f © with A, and that toluene with a relatively high dispersion shows a con- 
tant value of ». There is need of a further study of a number of liquids 
vith monochromatic light to settle this question. 


’ Scattering by Liquids at High Temperatures. 


According to Einstein’s theory (see Equation 5) the intensity of scatter- 
ig in liquids should vary greatly with temperature since T, wu and By are 
li functions of temperature. The compressibility in particular increases 
upidly with temperature for all liquids and approaches infinity at the critical 
mperature. Several liquids have been studied at temperatures up to or 
pproaching their critical temperatures—ether and benzene by Ramanathan,** 
-pentane by Vankateswaran,** and benzene and heptane by Martin and Lehr- 


an.** In all cases the liquids were rendered dust-free by distillation in 
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vacuo, and heated in strong glass bulbs under the pressures of their vapors. 
As appears from the example given below, which is typical of all the liquids 
studied, the intensity of the scattering increases with temperature and becomes 
very great near the critical temperature, falling off again rapidly above the 
critical temperature. This intense scattering near the critical condition is the 
well-known critical opalescence of carbon dioxide and other gases.* 


TABLE III 


SCATTERING BY Liguip ErHerR (RAMANATHAN) 
Scattering at t° 


Temperature Scattering at 35° Depolarization Factor 
t? Observed Calculated from (5) Observed 

38 Ame ety OAR puree 1.00 1.00 0.080 

OLR Re Ore eran ae ere 123 1.34 0.080 

QO wopetrertan tate e make wine 1.85 1.66 0.070 

NOG Ree erscasstien tr axtvetramrneear tans 2.30 2.13 at 100° 0.075 

WAS ib eS SIE, Sac ee ark ata eae ier 3.00 — — 

14 bere teas aterm 4.90 8.20 at 150° 0.030 : 
ZO eee eect oaaeentn Reten 12.00 14.0Ratel Se 0.017 at 165° 
179 ASS Pies tala Seen cree 22.00 —- —_— 

1.05) BOR AP ain tan exec eee 38.00 27.20 — 

1901S eid candy ee 82.00 73.00 at 190° 0.013 at 189° 
1936) (Crit eee ee eee 750.00 (3.164 g. ether in 13.98 c.c.) 0.012 

OA Mee Ney La mreh ae ca enact 378.00 290.00 at 195° 0.012 

OGM Ace ear Teer Mere 126.00 — 0.012 

LOD navcanele cette rete as 64.00 65.00 0.012 

OAR New copn bine hes ceotpe ah cepicthe er 27.00 30.00 0.012 

CAW Mees pritoce Siti oA bite, G8 21.00 26.00 0.012 


The polarization becomes more complete as the critical temperature is 
approached and at the critical temperature becomes almost but not quite com- 
plete. In the case of benzene the value of the depolarization factor near the 
critical temperature is much smaller than for the gas at room temperature. 
Equation (5) seems to fit the facts rather well as is shown in the second and 
third columns of the table. In the case of benzene and hexane it is impos- 
sible to compare the results with the theory because of the lack of data on 
the compressibility of the liquids at high temperatures. 

Raman ** has attempted to explain theoretically the great decrease in the 
depolarization factor with rising temperature. He considers the scattered 
light as arising from two causes. (i) A part due to fluctuations of density 
which when observed at right angles to the incident beam is completely 
polarized and the intensity of which is given by Einstein’s Equation (4). 
(11) A part which Born *° calls the orientation scattering and which is due to 
the random orientation of the anisotropic molecules. This part is to a first 
approximation completely unpolarized and its intensity is proportional to the 
density even when we pass from the gaseous to the liquid state. 

This theory is successful in accounting for the falling off of the depolariza- 
tion factor with rising temperature since the polarized part (i) increases 
rapidly with temperature while the unpolarized part (ii) decreases with rising 
temperature. It may be pointed out, however, that the theory outlined above 
is in conflict with Cabannes’ theory for scattering in liquids,®° since accord- 
ing to the former a liquid composed of isotropic molecules scatters com- 
pletely polarized light, while according to the latter this is not the case. 


* Practically considered, this amounts to the formation of a colloidal di i iqui 
in the gas—a true isocolloid. aeAS Vy coupberlox pet pine saa 
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D. Scattering by Liquid Solutions. 


Measurements have been made of the scattering by several pairs of two- 
component liquid solutions ** and the results of some of the measurements are 
shown graphically in Fig. 2. 

The curves show that the relative intensity of the scattered light is always 
somewhat greater than that calculated on the assumption that the scattering 
is an additive property for the two components. Liquids which polarize the 
seattered light very far from completely show on dilution much more com- 
plete polarization. The dotted lines in A and B of Figure 2 are the intensity 
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Solutions of Carbon Bisulphide and Ether. A. Relative Scattering. 
Per cent Polarization. 
Solutions of Benzene and Normal Hexane. C. Relative Scattering. 
D. Per cent Polarization. 
Soiutions of Normal Hexane and Cyclohexane. E. Relative Scattering. 


and polarization curves calculated on the assumption that each of the com- 
ponents scatters light in exactly the same way as regards polarization and 
intensity as does the pure liquid. 

Einstein 7 has extended his theory of local fluctuations of density in a 
pure liquid to include the case of fluctuations of concentration in a liquid 
solution. He finds for the composition scattering: 


Ou? 2 
LPS ied FU, (F) 


BV wae INI*-0 ore”) 
Ok 


where M” is the molecular weight of the second component in the vapor phase ; 
v is the volume of solution in which is contained unit weight of the first com- 
ponent; k is the weight of the second component which is dissolved in unit 
weight of the first component; e” is the partial vapor pressure of the second 
component. 

To this composition scattering must be added the density scattering due 
to local fluctuations of density in the liquid given by (4) where p and £p are 


(1 + cos? 6)* (7) 


* Einstein’s theory is quite general, so that it may be easily extended to include also scattering 
in solutions of non-volatile solutes. For this case data on the osmotic pressure of the solution could 
be used in place of data on partial vapour pressure. 
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now the values of the refractive index and the compressibility of the solution 
in question. 

A comparison of the observed intensities with those calculated from the 
theory outlined above is difficult, because of the lack of data on the partial 
vapor pressures and compressibilities of the liquids. Raman and Ramanathan 
consider ** that the theory is in at: least qualitative agreement with the ob- 
servations. A recent study by Rav * on solutions of carbon bisulphide and 
acetone, the partial vapor pressures of which are known, shows that as re- 
gards both polarization and intensity the experimental results are in excellent 
agreement with the Einstein theory for solutions. 


E. Critical Opalescence. 


It has long been known that whenever we approach a true critical condi- 
tion at which two phases in equilibrium become identical, there is visible as 
much as several degrees above and below the critical temperature a remark- 
ably intense opalescence.* 

Einstein really had in mind this phenomenon of Critical Opalescence when 
he developed his theory which has proven to be much more general than even 
he had anticipated. The probability of local fluctuations of composition in 
a solution (or of local fluctuations of density in a pure liquid or gas) is greater 
as we approach the critical condition since there the decrease of entropy in- 
volved in the fluctuations of composition becomes less (Boltzmann-Gibbs 


relation). This is evident also. in expression (7) where the factor ae 


becomes very small as we approach the critical temperature since there the 
composition of the vapor phase does not change with the composition of the 
liquid phase. 

Experimental studies of critical opalescence of the gas-liquid critical con- 
dition have been made by Travers and Usher,** Kamerlingh-Onnes and 
Keesom *° and recently by Andant.*° These researches confirm quantitatively 
the Einstein theory (see Equation 4) as regards the variation of the intensity 
of opalescence with the wave-length of the exciting light and the temperature 
of the liquid, except at temperatures extremely close to the critical tempera- 
ture where obviously the formula could not apply since it indicates an infinite 
scattering at the critical temperature. From measurements of the ratio of ‘in- 
cident to scattered radiation for ethylene near its critical temperature, Kamer- 
lingh-Onnes and Keesom find for the Avogadro number the value 7.5 « 1023, 

So intense is the opalescence in the case of binary liquid mixtures near 
the critical temperature and ternary mixtures near the Plait Point * that many 
workers have found it difficult to determine just when the true critical point 
is attained. 

Furth 4? has studied spectrophotometrically the intensity of the critical 
opalescence of phenol-water mixtures as a function of the wave-length and 
polarization of the exciting light and the concentration and temperature of 
the mixture. His results are in remarkably good agreement with Equa- 
tion (4). Zernike ** has made a similar study of mixtures of diisobutyl' nitro- 
benzene and pentamethylene methyleneiodide. He finds for the Avogadro 
number value between 6.2 and 6.5 & 107%. Ornstein and Zernike ** also have 
extended Einstein’s theory to make it applicable in the immediate neighbor- 
hood of the critical temperature. 


* See paper by A. Einstein, this volume. J. A. 
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Scattering in Solids. 

We have very little data concerning molecular scattering in solids. Cer- 
tainly under careful observation the scattered light may be observed in the 
clearest crystals. Raman has measured the scattering in a quartz crystal and 
in some samples of glass.*° He has also attributed the blue light coming 
from within the ice of a glacier to molecular scattering. No evidence has 
been given, however, in any case that these solids are free of inclusions, 
and until we have some evidence to this effect it seems futile to make 
measurements. 

From the standpoint of the diffraction theory a perfectly regular arrange- 
ment of molecules within a crystal would result in no scattering. The thermal 
agitation of the molecules would, however, result in some departure from this 
regular arrangement, and might be expected to result in a feeble scattering. 


Selective or Resonance Scattering. 


In all the cases of scattering discussed above light of every frequency is 
scattered, the intensity varying simply as A*. R. W. Wood *° and Rayleigh #7 
have, however, observed that mercury vapor scatters an enormous amount of 
light when excited by the mercury emission line 2536 A. The scattered light 
is but very slightly polarized. The region of the spectrum in which this 
resonance scattering is found is extremely narrew, being only 0.01 A in width. 
The addition of very small amounts of air or helium changes greatly the 
intensity and polarization of this resonance scattering. There is not yet suffi- 
cient data at hand to form a basis for an adequate theory of resonance scatter- 
ing. It seems simplest to postulate that where this intense selective scatter- 
ing is found, the period of vibration of the exciting light corresponds with 
a natural period of vibration of the molecule so that resonance results. It 
is not clear why this resonance scattering should be observed only in case 
of one of the mercury emission lines. There is need of a study of scattering 
in both gases and liquids in the neighborhood of absorption bands. The theory 
of resonance scattering must be related to the general theory of absorption. 


The Blue Color of the Sea. 


- The cause of the blue color of the sea has’ been the subject of considerable 
discussion.*® There are at least three factors, each of which independently 
would give the sea a blue color: 

(1) Light from the sky reflected from the surface. The amount of this 
reflected light varies with the angle of observation. Looking straight down 
into the sea only about two per cent of the light of the sky is reflected. 

(2) Water exerts a selective absorption on light of the longer visible wave- 
lengths, so that a white object, seen through a long column of water, ap- 
pears distinctly blue. Thus any light returning from below the surface of 
the sea would have a blue color. 

(3) Of the light entering the sea, supposed ‘of unlimited depth, all which 
is not absorbed and converted to heat must be either reflected back by rela- 
tively large particles or scattered back by very small suspended particles 
or by the water itself. This light scattered back by the small particles or 
the water would be sky-blue in color. 

There is a lack of definite data on the relative importance of these fac- 
tors in different parts of the sea. Raman claims *® that molecular scatter- 
ing contributes very largely to the blue of the sea. If this be the case sea 
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water must contain extremely little suspended matter. Shoulejkin °° con- 
siders that scattering is quite important compared to sky-reflection but at- 
tributes the scattering in the Black Sea to suspended impurities in the water 
-ather than to the water itself. Judging from conditions, this third factor 
seems to be the one most responsible for the color of the Blue Grotto at Capri. 

Ramanathan *! has observed too that water taken from places in the Indian 
Ocean where the sea appeared green showed on examination in the laboratory 
a definite greenish fluorescence which is attributed to organic matter in the 
water. 

It will be evident from this chapter that a considerable amount of ex- 
perimental work has already been done in the few years since light-scattering 
in one-phase systems was first observed. Theoretical interest in the whole 
subject has been stimulated by reason of the intimate relationship which 
exists between the theory of scattering and the general theory of light propa- 
gation in material media. The study of light-scattering seems also to be a 
rather direct method of attack on the problem of the “Constitution of Matter” 
which is so much to the fore at the present time in both Physics and Chemistry. 

The theory will no doubt be modified as more experimental data are ob- 
tained, but it is difficult to see how need may arise for any fundamental 
changes in the particular theory of Rayleigh or the more general theory of 
Smoluchowski and Einstein. Any theory of scattering at present conceivable 
must postulate some sort of discontinuity of matter. Smoluchowski’s theory 
of density fluctuations has been the key to the solution of the problem of 
scattering in all sorts of media. This is not in reality a new theory but 
rather a most ingenious method of evaluating the fluctuations of density which 
result from the thermal agitation of the molecules postulated in the classical 
kinetic theory. 

Smoluchowski’s work on the application of the principles of statistical 
mechanics to kinetic theory problems has already provided excellent theories 
of Brownian movements as well as of Light-Scattering. His theory of density 
fluctuations * is not generally found in books on kinetic theory or colloid 
chemistry but it deserves to be better known and more widely used. 


Scattering in Anisotropic Liquids. 


Many liquids under certain special conditions are optically anisotropic 
and exhibit the property of double-refraction. The majority of these liquids 
are double-refracting only when subjected to the action of an electric or 
magnetic field. A smaller number, however, between certain sharp tem- 
perature limits are spontaneously double-refracting: these are the so-called 
liquid crystals. 

The theory advanced to explain both the above types of anisotropy rests 
on the hypothesis that the molecules of these liquids are very asymmetric, so 
that under the influence of an electric or magnetic field, or in the case of 
liquid crystals without the action of any external force the molecules to some 
extent attain a common orientation. 

Since the same hypothesis of asymmetric molecules is used to explain the 
considerable imperfection in polarization of the light scattered by dust-free 
liquids and gases, it follows that those liquids which show strong double- 
refraction either spontaneously or in an electric field should show also the 
least complete polarization of the scattered light. 


“For review and bibliography see Fiirth, Schwankungserscheinungen in der Physik. Sammlung 
Vieweg (1920). 
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A. Liquids Which Are Double-Refracting in an Electric or Magnetic Field. 


Gans * has recently deduced a quantitative relation between the state of 
polarization of the scattered light and the Kerr constant of electrical double- 
refraction for liquids. This relation has been tested out for some fifteen 
liquids ¢ and it is found that the relation holds well for twelve of the liquids. 
For chloroform, methyl alcohol and water Gans’ equation is not in agreement 
with experiment. Gans makes it clear, however, that his relation will hold 
“, .. only for fluids whose molecules have no permanent electric moment in 
the Debye sense.” The three liquids mentioned above are just those which, 
from considerations of their other physical properties, such as the variation 
of their dielectric constants with temperature, might be expected to have a 
large permanent electric moment. It is to be hoped that someone will extend 
the theory so as to include these special liquids. 


B. “Liquid Crystals.” 


Para-azoxyanisol ¢ melts at 116° to a turbid liquid which under the polar- 
izing microscope resembles a disordered mass of small uniaxial crystals. In 
this condition its scattering could not be studied on account of its turbidity 
but at 135° it passes quite sharply to the ordinary liquid condition.. The dust 
was removed from the liquid by filtration through a Mandler diatomaceous 
earth filter. The depolarization factor for this liquid at 145° in white 
light was 0.85. 

Now for a liquid composed of molecules in which vibration can occur in 
only one direction—the extreme of asymmetry—the calculated value of the 
depolarization factor is 0.86. The experimental result 0.85 is then in accord 
with the hypothesis of needle-shaped molecules in this type of liquid crystals. 


Surface-Scattering in Liquids. 


Smoluchowski in his paper (1908) on critical opalescence points out that, 
when light is reflected at a liquid surface, we should expect besides the regu- 
larly reflected ray a slight diffuse scattering of light at the surface. This 
surface scattering would arise from fluctuations at the surface just as internal 
scattering would arise from fluctuations in the body of the liquid. It is 
evident, too, that as we approach a critical condition at which the compositions 
of the two phases forming the surface approach each other the surface 
scattering should greatly increase. 

Mandelstam § has given the quantitative theory of this surface-scattering 
in which he shows how it depends on the surface tension, the refractive index, 
the wave length and the angles of incidence and of observation. The rela- 
tion was tested out by Mandelstam for the case of light incident on the 
boundary between the two layers of a mixture of methyl alcohol and carbon 
bisulphide near the critical solution temperature. 

Raman {[ has published a series of papers in which he gives the results 
of measurements of the surface-scattering of a large number of dust-free 
liquids at room temperature. He has also studied the surface opalescence 
of liquid carbon dioxide near the critical temperature and of some binary 


* Zeit. Physik, 17, 853 (1923). 

+ Jour. Phys. Chem., 28, 1284 (1924). 
+ Roy. Soc.Canada, III, 19, 86 (1925) 
8 Annalen d-r Physik, 41, 609 (1913). 
f| Annalen der Physik, 74, 281 (1924). 
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liquid mixtures near the critical solution temperature. Raman has also ob- 
served the surface scattering of mercury. The theory in the case of mercury 
—given recently by Gans *—differs somewhat from that for a transparent 
liquid. In all cases of surface scattering the intensity varies as A? rather 
than 4-* as is the case for internal scattering. ee 

It would seem to be possible to draw from work of this kind important 
conclusions as to the nature of thin films on liquid surfaces. Raman has 
made a few observations on the effect of minute amounts of oleic acid on 
the surface scattering of water. ‘The observations of surface-opalescence 
thus seem clearly to confirm the existence at one stage, as contemplated by 
Hardy, Langmuir and Adam, of a continuous film of the oleic acid of 
extreme tenuity whose surface tension is lower than that of water and whose 
light-scattering power is correspondingly larger.” 
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The Action of Light Upon Suspensions 


By RENE AUDUBERT,* 
Docteur €s Sciences, University of Paris 


Quincke* has already remarked that certain colloids behave themselves 
differently when the vessels in which they are contained are exposed to the 
light: some have a tendency to precipitate upon the wall exposed to the light, 
others, on the contrary, upon the wall lighted the least. It appears then that 
there is both a positive and negative phototropy. 

Intuitively, it may be thought that light can act directly upon cohesion and 
modify its value. It is probable, indeed, that it is the peripheral electrons of 
the atoms which determine cohesion (or affinity, which is perhaps not essen- 
tially different from it). Now it is these electrons which produce the phe- 
nomenon of absorption or of emission. There is nothing illogical, therefore, 
-in supposing that a radiation of a frequency in the neighborhood of visible 
light, modifies the stationary system of one or several of these cohesion (or 
affinity) determining electrons. In the case of affinity, photochemical reactions 
constitute an argument in favor of this hypothesis. If light may act in the 
case of chemical phenomena, it may probably also intervene in the case of a 
physical phenomenon such as cohesion and modify the intensity of the forces 
put in play. Moreover, it is probable that for the atomic scale, physical and 
chemical phenomena are differentiable with difficulty; they constitute simply 
two appearances of the same reality. In a very general paper, J. Perrin ? 
has shown that perhaps it is light, in the broadest sense of the term, which 
produces chemical reactions. In extending his postulate, he has shown that 
one may also connect with it physical phenomena such as the changes of state 
(vaporization, crystallization, fusion), and in studying phosphorescence, he 
has finally formed the opinion that light intervenes in reactions inside the 
atom, where several stationary stable states are possible, by inducing the 
change of one of these states into another. 

The action of light upon the equilibrium of disperse systems may be fore- 
seen. The qualitative study of this action is relatively easy; it suffices to test 
out the precipitating or stabilizing action of radiation. But the quantitative 
study presents considerable difficulties. The choice of the suspension is very 
important. Furthermore, there have been few experiments along this line. 


First Parr. Action oF Licht Upon SUSPENSIONS OF SULFUR 8 


1. Choice of Suspension. 


In order to study easily the precipitation of a suspension, it is desirable that 
certain properties should vary considerably during the precipitation ; it is neces- 
sary besides that this variation be not too rapid, so that the change of the 


* Translated by Dr. E. P. Wightman (Eastman Kodak Co.). 
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properties considered may be made conveniently determined. In both these 
respects suspensions of sulfur are particularly suitable. . 

When sulfur is precipitated from a solution of sodium thiosulphate by 
means of an acid, there is obtained a turbid liquid at first red by transmitted 
light, but which, according to the concentrations of the reagents employed, 
soon absorbs less of the short wave lengths, and when viewed by transmitted 
light is at first blue and finally violet. Then it sediments and the deposit of 
amorphous sulfur thus collected gradually crystallizes. j 

This change in optical properties is connected especially with the variation ” 
in size of-the particles in suspension. It has been shown * indeed by systematic 
studies that at constant concentration the absorption of the turbid medium 
depends upon the size of the particles in suspension. Suspensions of mastic 
and of gamboge, consisting of particles of dimensions small compared to a 
wave length of incident light, diffract especially the short wave lengths; 
viewed by transmitted light such suspensions appear red. On the contrary, 
for the same particle concentration, suspensions of gamboge and mastic, con- 
sisting of spheres of diameter greater than a wave length of incident light, 
diffract preferentially the radiations of greater wave * length; such media 
transmit blue light. Independently of the possible influence of concentration, 
there is, then, every reason to suppose that the variation in the optical absorp- 
tion of sulfur suspensions during their evolution is due principally to the 
variation in particle size. The important variation of the optical properties . 
of sulfur in suspension make it, therefore, an excellent suspension for study, 
for the period of evolution may be extended even to several days, which is 
more than sufficient. 

It is preferable to utilize sulfur obtained by a physical method. For 
with sulfur obtained by the chemical precipitation, light may act directly 
in the course of the chemical reaction. Suspensions of sulfur are easily 
obtained physically by utilizing the general process employed in obtaining 
suspensions of gamboge or of mastic. 


2. Preparation. 


A turbidity generally results on mixing three substances A, B, C, where A 
is very soluble in B and C, while B and C are insoluble in each other. For 
example : 


B A G 
Water Alcohol Ether 
ct ff Chloroform 
; “ Toluene 
4 < Thymol 


“ “ Phenolphthalein 


In this same category appear also mixtures such as: 


B A & 
Water Alcohol Colophany 
: 2 Mastic 
F Gamboge 
. Sulfur 
“ Acetone Sulfur 


*JIn this case the formula of Lord Rayleigh a EIPUKe does not apply and may be replaced 
Bie i 
by the formula Tr =e (Boutaric, Thesis 1918), where n may be positive or negative (Cheneveau 
and Audubert, Compt. rend., 168, 766 (1919). 
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Suspensions of sulfur, which is soluble in acetone and in alcohol, may be 
thus obtained. 

It is difficult to prepare stable suspensions by precipitating with water a 
solution of sulfur in acetone or alcohol. According to the conditions of 
preparation (concentrations, temperature), the suspensions precipitate in a 
time which varies from several hours to several days. 

In order to perform the experiments under nearly identical conditions, all 
the suspensions were prepared by precipitating a definite quantity of a 2.1 per 
cent solution of sulfur in acetone, by an equal quantity of distilled water. To 
obtain suspensions with different precipitation velocities, it suffices to introduce 
into the intergranular liquid variable quantities of electrolytes. (BaCl, MgCl, 
NaCl.) The velocity of precipitation is, in fact, an increasing function of the 
concentration of the electrolyte in the intergranular liquid and of the valence 
of the cation, at least for the three mentioned.* 


3. Action of Temperature. 


When a few drops of water are added to a solution of sulfur in alcohol 
or in acetone, there are formed at ordinary temperatures particles of sulfur 
which grow very rapidly. The white turbidity } produced quickly becomes 
blue and then violet to transmitted light as the particles grow; finally, all of 
the sulfur is precipitated at the bottom of the tube. If one adds to the 
supernatent liquid a few more drops of water, the same phenomenon is pro- 
duced with less intensity and decreasing velocity, until the last traces of water 
added produce a suspension of very fine particles which diffract especially the 
shorter wave lengths, and appear blue by diffraction. 

Summarizing, when dissolved sulfur is in excess, the particles formed 
are large; when the concentration of dissolved sulfur is small, the particles 
formed are small. If a suspension of sulfur thus obtained, either from an 
alcoholic or an acetone solution is heated to a temperature of 50 to 60°, the 
liquid clears, the precipitate partially redissolves while at the same time the 
sedimentation of part is accelerated. On cooling the suspension reforms. 
This phenomenon may also be produced by adding to an alcoholic solution of 
sulfur in the neighborhood of its boiling point, a few drops of water at a 
temperature in the neighborhood of 80°; whereupon there is obtained a pre- 
cipitate of sulfur which disappears by simple agitation, but which reappears 
gradually as the temperature drops. This phenomenon is explained by the 
increase of solubility with temperature, and by the great increase of the velocity 
of precipitation of the particles already formed, because of the very great 
diminution in viscosity. Further, the temperature, by augmenting the velocity 
of agitation of the particles increases the number of encounters according to 
the mechanism mentioned above. 


4. Residual Solubility. 


One is thus led to think that when the suspension has just formed, the 
intergranular liquid still contains molecules of dissolved sulfur which may 
more slowly pass into suspension. 


* When one wishes to prepare a suspension of sulfur starting from an alcoholic solution, it is 
necessary to heat the alcohol gently in order to dissolve in it a sufficient quantity of sulfur. This 
process prevents the realization each time of identical conditions, the conditions of preparation 
(concentrations, temperature) being very badly defined. It is for this reason preferable to employ 


acetone solutions : F ; 
+ The velocity of evolution is too rapid for the red phase to be observed. 
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This residual solubility is evidenced by the following experiments: By 
pressure filtration of a suspension of sulfur through a fine grained porous 
candle, there is obtained a clear liquid, all of the particles having been stopped 
by the filter; by again adding water to the filtrate, a very fine precipitate of 
sulfur may be obtained. In most cases, the suspension obtained by the second 
precipitation is very dilute, and the presence of a suspension of very fine 
particles is revealed only through the bluish diffraction produced by sending 
a very intense pencil of light through the suspension. The experiment is not 
only a delicate one, but the filtration may also be made very rapidly. One may 
also demonstrate the residual solubility of sulfur in the alcohol-water mixture 
by centrifuging energetically (9,000 revolutions per minute) a precipitate of 
sulfur obtained as previously indicated. The supernatent liquid is clear and 
gives with water a very fine precipitate. This procedure, however, has proved 
less satisfactory than the preceding, having given positive results in only 
two cases. 

In conclusion, it is evident that mixtures of water-alcohol, water-acetone, 
may dissolve very small quantities of sulfur; and on the other hand that after 
the precipitation the intergranular liquid yet contains some sulfur in a dis- 
solved state, which precipitates only very slowly. 


OpTiIcAL PROPERTIES ® 
5. Optical Absorption. 
The optical properties of a suspension of sulfur are characteristic. 
As the suspension is formed, the coefficient of transmission, p decreases 


rapidly, passes through a minimum, and tends asymptotically towards unity 
in proportion to the sedimentation of the particles. The minimum depends 
upon the conditions of preparation of the suspension. The course of this varia- 
tion is indicated in Fig. 1. 


Value of I/To 


5 10 1s Time in Hrs: 


Fic. 1.—Coefficient of transmission of a suspension of sulfur. 


6. Dispersion by Internal Diffusion. 


_ As has been indicated above, the dispersive properties of sulfur suspen- 
sions vary considerably during the evolution of the suspension, since at the 
start, it is the shorter wave lengths which are for the most part dispersed while 
towards the end, before the complete sedimentation of the grains, it is, on 
the contrary, the rays of greater wave lengths. If the absorption is represented 
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by the formula of Lord_ Rayleigh ® generalized * for turbid media having par- 
ticles larger than the wave length of the incident light, we have 
A 
I - 
in which Tr is the ratio of the intensity of the transmitted light to that of the 


Oo 
incident light, A is a function of the concentration and of the diameter, and 
i is the wave-length of the incident radiation. The exponent n of i, repre- 
sents the dispersive property of the medium. When n is >0 the medium 
absorbs mostly the radiations of lesser wave-lengths—it transmits red; when 
n is equal to zero it absorbs equally all the radiations—in this case it transmits 
white when it is illuminated by a pencil of white light; on the other hand, 
when m is <0 it is mostly the longer wave-lengths which are absorbed— 
by transmitted light, the suspension appears blue. For suspensions containing 


10 20 Time in Hrs: 30 


Fic. 2.—Variation of » with time. 


very small particles, 7 may be in the neighborhood of +4 (sky blue), for 
those containing larger particles may be‘ in the neighborhood of — 2. 

The relative variation of » during the evolution of the suspension is then 
considerable and each modification in the process of evolution can be noted 
by determining the variation of m. The path of the curve n= f(t) is indi- 
cated in Fig. 2. 

It is seen that ” decreases to a certain minimum, and then tends towards 0. 
The minimum is produced in general at the moment when sedimentation be- 
gins. It is therefore of no interest to consider the part of the curve following 
the minimum. Considering the descending part only, it is seen immediately 
that the form of the function = f(t), may be obtained. Indeed, by calling 
no the initial value of n, and representing as ordinates the logarithms of the 
difference (m—™), and as abscissas the logarithms of the times, we obtained 


experimentally a straight line 


log (% —n) = Const. + log (¢), 


which gives 
N—n—K.tP; 
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as will be seen later, B is a coefficient independent of the conditions of prepara- 
tion, while K, on the contrary, varies with the conditions, 

The determinations of (m)—) reduces itself, then, to a simple formula, 
and the comparison of the resulting differences is facilitated. 

The action of radiations is manifested as follows: the spectrum may be 
divided into two principal groups, radiations of short and radiations of long 
wave length. The former diminish the stability of the suspension by increas- 
ing the velocity of evolution; on the contrary, radiations of long wave length 
increase the stability of the suspension by diminishing the velocity of evolu- 
tion. Between these two groups lie radiations in the neighborhood of yellow, 
without influence on the velocity of precipitation. 


5 10 Timein Hrs. J5 20 


Fic. 3.—Variation of 2 with color. 


TABLE I 
VALUES oF » (aT 15°) 
Radiati 
ee Dark Red Yellow eet Green Blue 
Hours and sae ae fi 
Minutes 0.7 uw to 0.6 mw 0.58 w to 0.478 w 0.478 w to 0.450 u 
0 +177 SES tei. 77) ie 
1 + 0.86 e103 + 0.97 + 0.79 o in 
2 + 0.76 + 0.86 + 0.77 + 0.60 + 0.50 
4 4.0.52 + 0.60 + 0.53 a0ie2 + 0.26 
18 + 0.00 + 0.10 + 0.02 (Nb meee 
0 + 1.84 + 1.84 + 1.84 + 1.84 
1 + 0.10 + 0.14 + 0.00 rn ae 
2 SiG SO KIC = 022 
4 0.54 — 0.44 — 0.60 — 0.62 
18 — 0.90 — 0.80 21.04 — 1.08 
0 + 1.66 + 1.66 + 1.66 
1:25 + 0.02 01:33 + 0.12 yi 
Dees — 0.20 + 0.24 == Oy — 0.60 
Cpa 4 + 0.10 — 0.30 —0.80 
19: 5 S103 037 —0.91 — 1.60 
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The effect produced by the active radiations is intensified by removing 
radiations which do not produce any change, as is shown by Table I, which 
gives values of for a series of experiments. 

Fig. 3, which refers to this table, shows clearly the course of the varia- 
tion of m as a function of time, and the change of this variation with exposure 
of the suspension to radiations of different wave length. 

_ _ By representing as ordinates the logarithms of m)—, where my is the 
initial value of n, and as abscissas the logarithms of the time, it is seen from 
Fig. 4 that there is obtained for the values in the preceding table, straight lines, 
all of which have the same slope. | 


log (% —n) =A+Blogt. 


B is independent of the manner in which the suspension has been obtained 
and of the conditions under which it is placed. Whatever may be the concen- 
trations of the reagents when the chemical method is employed, or whatever 
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Fic. 4.—Log (no—n) plotted against log t. 


T = suspension kept in dark. 

FR = suspension exposed to red light. 

B=suspension exposed to blue light? 

V = suspension exposed to violet light. 

1, 2, 3 refer to the three different experiments of Table I. 


may be the quantity of sulfur dissolved in the acetone or in the alcohol when 
one proceeds by the solution method, or whatever may be the dimensions of 
the grains formed and their number, there are always obtained parallel or 
approximately parallel lines. It is further remarkable to observe that B is 
independent of the wave length of the radiation to which the suspension is sub- 
jected. It seems then, that this coefficient depends only upon the nature of the 
suspension. 

It should be remarked that points corresponding to a too great duration of 
evolution, do not coincide well with the preceding law. This result, however, 
does not nullify the exactness of the form 


log (% —n)=A+ 6 logit 


It merely. means that sedimentation has commenced. In this case then has 
passed its minimum value, and diminishes while tending asymptotically towards 
zero. The points out of line correspond to that part of the curve n = f(t) 
which is found after the minimum. It is then legitimate to represent (m) — 1) 
as a function of time; prior to the sedimentation by an equation of the form 
No —-n = Kt® in which B is a constant depending solely upon the nature of 
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the particles of the suspension. By expressing the time in hours, the value of 
B is in the neighborhood of 0.26. ) 

The constant K depends upon the conditions of formation and also upon 
the conditions in which the suspension is placed. The greater the velocity of 
evolution the higher are its values. Besides, it varies with the wave length of 
the radiation to which the liquid is submitted—the values corresponding to the 
red radiations are smaller than those with blue radiations, the suspensions ex- 
posed to yellow give the same results as the checks. According to experiments 
made with filters, the inactive radiations lie between 0.580 p and 0.600 p. _ ; 

A series of experiments has given, for example, the values in the following ~ 
table. . 


TABLE II 
VALUES oF K Y 
Check Red Yellow Green Blue 
0.80 0.70 0.80 0.98 1.07 
1.74 1.70 Hl 1.84 1.89 
1.64 1.23 1.54 —_ 2.06 


It is seen from this that radiations of short wave length increase the 
velocity of the precipitation, this action increasing with the frequency; and 
that the radiations of long wave length diminish the velocity of precipitation, 
this action varying inversely as the frequency. 


MiIcroscoPicaL STUDY 
7. Variation of Diameter of the Particles. 


On examining microscopically a suspension of sulfur particles, obtained by 
the methods indicated, we see that on the average the grains are nearly spheri- 
cal. It is, besides, remarkable that most of the particles have about the same 
diameter. If the evolution is followed microscopically, it is seen that the 
diameter of the spherules increase with time, at first rapidly, then more and 
more slowly; finally the grains cease growing, but they agglutinate by twos, 
and as flocks form sedimentation takes place. 

On studying the law of growth of the grains as a function of time, there 
is found a very simple exponential formula of the form 


d —d:-9 = A(1— ee) 


which when ¢ is small, reduces to the form d=d,+ bt. At the outset, 
it is very easily found that the particles increase linearly as a function of 
time. This regular variation of the dimensions of the granules in the sus- 
pension may be explained if we keep in mind what the mechanism of the pre- 
cipitation must be. Let us examine what should be produced when we dilute 
with water a solution of sulfur and acetone. The solubility of the sulfur in 
the mixture water-acetone is extremely slight, a great number of the primary 
molecules dissolved in the acetone agglomerate and form the suspension while 
a smaller fraction remains in the dissolved state in the intergranular liquid. 

It has already been seen how this view may be considered established by 
experiment. The molecules, which at the moment of the farmation of the sus- 
pension remain in solution, do not take long to precipitate upon the surface 
of the particles. This aggregation conserves the spherical form of the grains. 
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Then when the dissolved sulfur has been thus almost entirely fixed, the evolu- 
_ tion of the suspension continues, but then it is the grains which aggregate to 
form flocks. 

The law of the variation of the diameter as a function of time may be de- 
duced from intuitive considerations, by supposing that the velocity of forma- 
tion of the suspension is proportional on the one hand to the surface of the 
particles, and on the other to the quantity of sulfur not precipitated. We have: 

dx 


V =, — KS(e—2) 
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Fic. 5. 


T = suspension kept in dark. 

R = suspension exposed to red light. 
B=suspension exposed to blue light. 
1, 2 refer to different experiments. 


in which x represents the mass of the suspension, S the surface of the granules, 
a the quantity of sulfur initially dissolved in the solvent. But S = 4*/, from 
dx 
dt . 
plicated function which expresses correctly the experimental results, but the 
utilization of which is not convenient. By supposing (a—-r) constant, we 
obtain on integration : 


= K2*/s(a— x). The complete integration of this equation leads to a com- 


xt=at+b 
d =at+b 


Initially. the diameter varies linearly as a function of time, which is in 


accord with the experimental results. ahi: ; 
A review of the figures resulting from the determination of the particle 
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diameters, brings to light a curious result. Within the limit of experimental 
error, it can be shown that the angular coefficients of the tangents at the origin 
of the curves, representing the variation of the diameter as a function of the 
time, are approximately the same. This angular’ coefficient appears to be 
independent of the conditions of formation of the suspension and characterizes 
the nature of the suspension. In other words, the coefficient a of the preceding 
equation d= at-+b, is independent of the conditions of formation of the 
suspension, and depends solely on the nature of the particles; b, on the con- 
trary, is a function of the mode of formation. For example, a has been found 
approximately the same for suspensions obtained starting from either acetone 
or from alcoholic solutions, and whatever may have been in each case the 
relative concentrations of the constituents. 


8. Action of the Light. 


If we study the law of particle growth under varying wave length, we find 
that light of short wave lengths increases particle size more rapidly than long 
wave lengths. 

Suspensions ‘protected from all radiation present the same velocity of evo- 
lution as those exposed to the intermediary wave lengths (yellow), and this 
velocity lies between the first two. The angular coefficient of the tangent at 
. the origin depends upon the wave length of the radiation to which the sus- 
pension is exposed, but not to the mode of formation of the suspension or 
the conditions under which it has been held. The curves in Fig. 5 show clearly 
these results. 

The measurements of the growth of the spherules confirm the optical de- 
termination. One may now conclude that the radiations of short wave length 
increases the velocity of fixation of dissolved sulfur upon the surface of the 
granules, and that the longer wave lengths diminish it. It may finally be con- 
cluded that the diameter varies with the time, following an exponential form 
which it is always possible to confuse with a straight line during the first phase 
of the precipitation. 


CONDUCTIVITY 


9. Variation of the Conductivity of the Intergranular Liquid as a Func- 
tion of Time. 
If we consider a suspension containing N grains per cubic centimeter, with 
charge e, volume @, mobility v, in an intergranular liquid of conductivity K’, 
the conductivity K of this suspension is given by the formula: 


K=Ny+K’—K’No 


in which yp represents the conductivity due to one particle. It is impossible 
to define this term; the velocity of the ions constituting the ionic atmosphere 
of the grains is poorly defined ; in other words, the actual charge of the latter 
is not well defined. Stokes’ Law cannot apply, for it would mean that the 
two layers of the Helmholtz double layer would slide freely over each other 
whereas the existence of an ionic atmosphere of appreciable thickness around 
the granule complicates the phenomena and it is probable that only part of 
the ions of this atmosphere is free vis a vis with those which are adsorbed 
by the particle surface itself. 
Experiment leads to the following results: 
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(1) The conductivity of the suspension as a function of time remains prac- 
tically constant. 

(2) The conductivity of the intergranular liquid * decreases rapidly, 
passes through a very accentuated minimum and increases gradually, tending 
asymptotically towards a limiting value. The course of this variation is 
indicated in Fig. 6. 

The existence of this minimum lies without doubt at the maximum through 
which the total surface of the particles passes when the fixation of the dis- 


Cond: in Recip: Ohms x 107+ 


Time in Urs. 
Prem 6: 


solver sulfur upon the nuclei becomes insignificant, and the agglutination of 
the grains among themselves is on the point of commencing. This maximum 
of the surface may indeed correspond to a maximum in adsorption of ions. 


10. Action of Light upon the Conductivity of the Intergranular Liquid. 


The study of this action leads to the following results. The tangent at 
the origin of the curves K’= f(t) is steeper for suspensions exposed to 
radiations of short wave length than for those exposed to long wave lengths. 
The curves of the check suspensions lies between the two preceding. In 
other words the minimum is attained more rapidly in blue light than in dark- 
ness, and more rapidly in darkness than in red light. These results are shown 
in Fig. 7. 

The effect produced by light may be explained thus: the radiations of 
short wave length augment the velocity with which the surface of the grains 
increases, the conductivity of intergranular liquid should therefore vary in- 


* The intergranular liquid may be separated from the granules by filtration under pressure through 
a fine-pored bougie. Ann. de Phys. (9), 18, July and August (1922), 
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versely to this growth; radiations of long wave-length produce the opposite 
effect. 


Srupy oF MosiLiry 


The mobility of the constituent particles of the suspension may also serve 
to show the action of light. 


11. Mobility of the Granules of a Suspension of Sulfur in Evolution. 


When we measure microscopically the variation in mobility as a function 
of time, we find a curve which presents a minimum, which is the more marked 
and the nearer to the origin the more concentrated the suspension, and, in 
consequence, the greater its velocity of evolution. For example, a sulfur 
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suspension which undergoes its evolution in about 114 to 2 hours presents 
a curve which shows the minimum at from 15 to 25 minutes. Besides, this 
suspension has a mobility which very rapidly attains a value greater than 
the initial mobility. On the other hand, with less concentrated suspensions, 
having a gradual evolution, the minimum mobility is reached only after a 
much longer time; for example, for a suspension whose evolution is pro- 
duced in 20 hours, the mobility passes through its minimum after about three 
hours. 

In certain cases, with very concentrated suspensions having very high 
velocity of evolution, no minimum has been observed; it is probable that this 
minimum is too fugitive to be noted. The time required for manipulation 
and microscopic examination is too great to permit our observing the minimum 
of mobility which probably occurs. 

Fig. 8 reproduces some curves indicating the form of this variation. 

The course of this curve again gives evidence that the evolution is prob- 


THE ACTION OF LIGHT UPON SUSPENSIONS 365 
ably the result of the superposition of two phenomena; (1) the fixation of 


the molecules of sulfur, predominating initially, (2) the agglomeration of 
the particles, which later ‘plays the essential role. 
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12. Action of Light upon the Mobility. 


The preceding results relative to the influence of light upon the con- 
ductivity of intergranular liquid leads one to think that light may have an 
action upon the mobility of the particles, and that different rays have differ- 
ent effects. Experiment shows this to be the fact. This effect is quite 
similar to those described above for conductivity. 
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As the curves in Fig. 9 clearly show, different rays always act in the 
same way. 

The curves corresponding to suspensions exposed to radiations of short 
wave lengths present a more rapid evolution than the curves corresponding 
to suspensions exposed to those of long wave length. The check suspensions 
are intermediate. It should be noted that the minima presented by sus- 
pensions exposed to different radiations show approximately equivalent in- 
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tensities. It naturally suggests itself to compare the various curves, [/I, = 
f(t), K’ = @(t), U= (2), and to think that the minimum of J/J, as a func- 
tion of time may correspond to the minimum of K’ and of U. The verification 
of this is difficult because of the evolution of the suspension, of the time 
necessary to effectuate the operations and the measurements, and above all of 
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the very great speed with which J/J, varies in the neighborhood of its 
minimum. 

To repeat, the study of the different parameters characteristic of sus- 
pensions of sulfur: absorption, diameter and mobility of the particles, con- 
ductivity of the intergranular liquid, give evidence of the antagonistic action 
of the radiations of the visible spectrum. Only the yellow radiations have 
no action. Radiations of short wave length exhibit a contrary effect to those 


0-600 
Wave Length in 1 
(Solid Sulfur) 
Fig, 11. 


of long wave length; for the two groups of radiations the effect increases 
in proportion as the frequency deviates from the frequency of the inactive 
rays. The effect produced by short wave lengths is more intense as the 
frequency diminishes. This result very probably corresponds in the propor- 
tions in which the radiations are absorbed.'® 

By placing before the slit of a spectroscope a pellicle of solid sulfur of 0.1 
to 0.2 mm, thickness, obtained by cooling a drop of molten sulfur pressed 
between two plates of glass, it is found quantitatively that the red, blue and 
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violet are particularly absorbed, but yellow radiations much less. Solutions of 
sulfur obtained with different solvents, benzene, chloroform, and in par- 
ticular, carbon disulfide, are yellow and feebly absorb yellow rays. 

The curves of Figs. 10 and 11, representing the variation of the co- 
efficient of transmission with the wave length, have quite analogous courses. 
they show definitely that the radiations at the extremities of the visible 
spectrum are most absorbed. In other words, it appears, within the limits 
of experimental error, that the wave length corresponding to the minimum 
is the same for both solid sulfur and for sulfur dissolved in carbon disulfide, 
being in the neighborhood of 4 = 0.600 u. 

These results lead by analogy to the view that the particles of sulfur in 
suspension may not behave differently with respect to the absorption of radia- 
tion, t.e., the yellow radiations which are inactive during the process of the 
evolution of the suspension, correspond to a minimum of absorption. 


APPLICATIONS 


13. Study of the Transformation of Soluble Sulfur into Insoluble 
Sulfur. 


For some time it has been known that under the influence of light, sulfur 
dissolved in certain solvents, carbon disulfide, benzene, carbon tetrachloride, 
is precipitated in the form of insoluble amorphous sulfur. This amorphous 
sulfur finally resumes the crystalline state. Berthelot * and Lallemand ® who 
were the first to study this phenomenon, showed that the most active radia- 
tions were those of short wave length. Since their researches, this trans- 
formation has been the object of a great number of investigations; for in- 
stance, Rankin?° found that the inverse transformation is produced spon- 
taneously in the dark. 

Wigand 7! has shown that ultra-violet rays which are the most active are 
correlatively very strongly absorbed. He has, in addition, observed that 
rise in temperature displaces the equilibrium by favoring the formation of 
soluble sulfur. 

All of these researches, in short, contain the following essential points. 
On the one hand the radiations of short wave length provoke the trans- 
formation S (soluble) — S (insoluble) ; on the other hand, the inverse re- 
action S (insoluble) — S (soluble) is produced spontaneously in darkness 
and with an intensity increasing with the temperature. 

All these facts have led S. E. Sheppard in his book on Photochemistry 
to represent this transformation by the following equation: 


S (soluble) + violet = S (insoluble) + infra-red. 


This scheme comes entirely within the scope of the general equation of 
all photo-chemical transformation given by J. Perrin: 


A+hbw=2 A’+hv’. 


The results of the action of light on suspensions of sulfur, which may be 
attributed to influence of radiations upon the forces of cohesion, leads to the 
view that the transformation of soluble into insoluble amorphous sulfur is 
related to quite analogous phenomena. In this case, indeed, an Increase in 
the forces of cohesion of dissolved sulfur brings about the association of dis- 
solved molecules into granules, then into flocks which finally settle out. 
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Wigand"* has studied in the ultra-microscope the phenomenon S (sol- 
uble) —> S (insoluble). The process which he has observed is in all points 
identical with that of the evolution of a suspension of sulfur. The analogy 
may be pursued: the transformation S (soluble) — S (insoluble) is brought 
about especially by rays of high frequency; similarly the evolution of a sus- 
pension of sulfur is also very rapid with rays of short wave lengths. The 
action of temperature, though more complex, is also analogous: the reaction 
S (insoluble) — S (soluble) is favored by rise of temperature, which by 
increasing solubility, causes the disappearance of a turbidity already formed, 
providing its particles are not too large. To be sure, there is a slight differ- 
ence between the two phenomena: the red radiations which are particularly 
active in retarding the velocity of evolution of a suspension of sulfur, have 
no action upon the transformation S (soluble) — S (insoluble). This differ- 
ence may be attributed perhaps to the influence of the different solvents 
in which the transformation is produced. Carbon disulfide, indeed, is not 
transparent and its coefficient of absorption varies with the wave length. 

It is seen from this comparison that the two phenomena are governed 
by the same cause. The transformation S (soluble) — S (insoluble) is the 
consequence of a modification of the forces of cohesion under the influence 
of light. 

Study of the reaction 2H,S + O,=2H,0 + 2S.—When a saturated 
solution of hydrogen sulfide is exposed to the air, the initial limpid liquid after 
a while becomes turbid. A suspension of sulfur is formed, which presents 
all the characteristics of the evolution of the suspensions of sulfur considered 
above: the grains, at first small, diffuse the short wave lengths, the liquid 
appears red by transmitted light; then its appearance becomes milky and after 
a time, sometimes rather long, it appears violet by transmitted light; finally 
it ends by sedimenting. It is reasonable to think that the light which modi- 
fies the velocity of evolution of a suspension of sulfur can accelerate or 
retard the oxidation of the hydrogen sulfide. Experiment shows that the 
same radiations tend to produce the same effects. Solutions exposed to blue 
radiations are much more rapidly precipitated than those which are left in 
the dark. The solutions exposed to the action of red radiations have a 
much slower velocity of evolution. The reaction is retarded, and in certain 
cases nearly stopped.* 

The effect of the light upon this reaction has been studied by following 
the time-variation of the exponent m of the wave length, in the generalized 
formula of Lord Rayleigh. 
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Perrin has shown in his generalized photochemical theory that the energy 
of all reactions is equal to a universal constant times the difference between 
v and v’, which produces and destroys this reaction: 

Q=H(v—v’). 
* This justifies the long-established practice of pharmacists in using reddish brown bottles for 


sensitive solutions. Blue bottles should obviously be avoid i 1 
used for poison, etc. J. A. z ed in such cases, though they may be 
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Assuming that v represents blue radiations since they accelerate the evo- 
lution, while v’ represents the red radiations which retard the formation 
of the suspension, and taking for v and v’ the frequencies which corre- 
spond to the extremes of the visible spectrum, Q may be calculated. This 
gives in the neighborhood of 38,000 calories, while thermochemistry indicates 
in the neighborhood of 58,000. While this result is only approximate, it is 
none the less true that this very incomplete and much too simple interpreta- 
tion leads to the right order of magnitude, where almost any result might 
have been obtained. It is necessary to point out that in spite of everything 
this application of pure photochemical theory in the case of sulfur is merely 
approximate, at first, because sulfur presents a continuous absorption curve, 
and furthermore, the real values of v and v’ are probably different and with- 
out doubt beyond the visible spectrum. The calculation of v—v’ can be 
effected only by taking into account the absorption spectrum of sulfur in the 
infra-red and in the ultra-violet. 


Part II. Action or LIGHT UPON THE ADSORPTION OF IONS BY GAMBOGE 
AND Mastic 


We may now consider the action of radiation upon the adsorption of ions 
by suspensions.* The choice should be guided: 


First, by stability. 
Second, by the absorption of the constituent material of the particle for the 
rays of the visible spectrum. 


For these two reasons the suspensions adopted were mastic and gamboge. 
They both consist of suspensions of small balls of constant diameter. Be- 
_ sides, the substances of which they are formed absorb especially the red and 
blue rays. 


1. Spectrophotometry of Gamboge and of Mastic. 


Gamboge and mastic are well adapted to spectrophotometric study. They 
give with solvents (alcohol, acetone, etc.) concentrated solutions of definite 
color. Besides, in the solid state, they are transparent as glass. The granules 
of mastic differ nevertheless slightly from those of gamboge. The former 
are rather less resistant and crush by pressure under the microscope cover 
glass, while the latter behave as veritable balls of glass and break into bits 
when submitted to the same operation. 

It is possible to obtain solid transparent layers of these two substances by 
evaporating concentrated solutions in an oven in a tray having an optically 
plane bottom. ay 

With gamboge the same result may be obtained by chilling some of the 
molten material upon a glass plate. . 

The author has studied spectrometrically the absorption of gamboge 
and of mastic. Absorption measurements have been carried out with 
various solutions of those substances, and with solid plates obtained as indi- 
cated above. ee ; 

The results are as follows: Radiations in the neighborhood of yellow 
are less absorbed than radiations at the extremities of the visible spectrum. 
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Moreover, the wave length corresponding to this minimum of absorption, 
within the limits of error of the experiment, appear to be independent of 
the state of the substance when examined. The curves in Fig. 12 indicate 
these results for gamboge. 

Curves of the coefficients of transmission of alcohol and acetone solutions 
are quite similar; those for gamboge in the solid state follow a slightly differ- 
ent course. However, they present a maximum like the others. Further, 
the wave length corresponding to the three maxima (about 0.600 ) is prob- 
_ably the same. ; 

These observations lead one to think then that the particles of a suspen- 
sion of gamboge ought not to behave differently with regard to the absorp- 
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tion of light. Naturally, we must allow in this case for the loss of light due 
to optical phenomena: diffraction, reflection, diffusion, which occur with the 
grains of all suspensions. 

The spectrophotometric study of mastic leads to analogous results. The 
curves in Fig. 13 show for this substance also the existence or a maximum 
of absorption for radiations in the neighborhood of yellow. This maximum 
is probably in the neighborhood of 0.600 , but it is less easy to define the 
position than in the case of gamboge. 


It is necessary to study the action of ions upon the electrophoresis of 
these grains.1® 


2. Influence of Various Ions H*, La**+, Al***, Ba*+, Mg*+, K*, Nat. 


Suspensions of gamboge and of mastic consist of negative particles, whose 
charge is modified when positive ions are introduced into the liquid, the effect 
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_ being more pronounced as the valence of the ion increases. When the de- 
crease of the charge attains a certain point the stability of the suspension 
is destroyed, agglutination begins, the particles coalesce, and the flocks thus 
formed do not take long to settle. As we have seen, the decrease in the 
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charge is not instantaneous. The establishment of equilibrium is definitely 
realized only at the end of a certain time, which may be as long as 30 minutes, 
being shorter with increasing concentration of the active ions. 

Before testing the influence of different radiations, the author studied the 
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change in mobility of the particles by the addition of various electrolytes 
and as a function of the concentration of these electrolytes. 

The adsorption of the different ions in various concentrations has been 
determined for H,SO,—HCI, for La***, Al***; for Batt, Mg**; and for K* and 
Nat; as the curves in Fig. 14 indicate the valence of the ion plays a large 
role. The curves have been obtained by taking as abscissas the values of 
different concentrations expressed in mols per liter, and as ordinates the 
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values of the difference | 1— x in which U, represents the mobility be- 


oO : 
fore the addition of electrolyte. In restricting ourselves by graphing the 
variation of the difference (U,— U), we obtain, for the same electrolyte, 
curves which do not always coincide. Indeed, although the ‘suspensions are 
in each case obtained by diluting with a definite quantity of water the same 
quantity of pure solution, the values of U, show slight differences due per- 
haps to traces of impurities contained in the vessel. But in constructing 


the curves with the quantity 7° , that is to say ( 1— x) , we again find 
oO oO 


for the same electrolyte curves which at the same temperature coincide 
‘ perfectly. 

When the concentration increases markedly the decrease in mobility finally 
becomes quite negligible. The limit is generally attained for a concentration 
in the neighborhood of that at which agglutination begins. 


+10 


But if instead of choosing as abscissas the molecular concentration of the 
dissolved salt we choose the concentration of ions, taking into account the 
coefficient of ionization of the salt at each corresponding dilution, the mobility 
of the spherules increases constantly with the ion concentration as long as 
we keep below the agglutination point. 

On studying these last curves plotted logarithmically we obtain approxi- 
mately a straight line, providing that we consider only concentrations below 
those which produce agglutination. Besides, these straight lines are more 
distinct in proportion as particle concentration, that is, adsorptive surface 
diminishes. Finally, they have all the same slope. 

The results are shown in Fig. 15. : 

For gamboge as well as for mastic, the monovalent Na and K ions lead 
to identical results; also the divalent ions Mg and Ba. The trivalent La 
and Al ions present some divergences which are due without doubt to hydroly- 
sis of the aluminium salts. The remaining trivalent ions follow rather in- 
different straight lines when plotted logarithmically. 

The concentrations in this case are for the most part higher than the ag- 
glutination concentration. Nevertheless the first two measurements give for 
logarithmic coordinates an approximately straight line, parallel to those corre- 
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sponding to the adsorption of the ions H, Ba, Mg, K, Na. Mathematically 
=xpressed we have: 


Log (1— 77) = Plog C+ x. 


The straight lines obtained with gamboge are parallel to and lie between 
those obtained for mastic; the slope is in the neighborhood of 4. 


(1 = a) = AC?. 


The exponent / is independent of the nature of the cation and of the sur- 
face holding the cation. The coefficient A varies inversely with these two 
factors. For each substance the coefficient is the greater as the valence of 
the ion is higher, except for the H ion, whose activity lies between that of 
the tri- and di-valent ions. Moreover, it has been verified roughly that if we 
designate the values of the coefficient 4 for the mono-, di- and trivalent ions, 
respectively 41, 42, As, we find A, = A,’, Az; = A}. 

Finally, the coefficients A corresponding to the gamboge are less than those 
found for mastic. 

This is in agreement with the only difference occurring between these sus- 
pensions, 1.¢., the lower stability of the mastic grains. The adsorption for 
the same concentration of ions is greater for mastic than for gamboge. The 
values of the constant A are given in the following table: 


TABLE IV 
Mastic Gamboge 

Nature of Adsorbed p= = 

Ion A A 
Nie aCe ht NS rake 3.6 3.2 
EfeeMovieee te ee 12.6 10.4 
Tua tEeN er mie Nera creincts siete se mias che sees 47.0(?) 31.6 
EL titers ete hci sete feiss elcneteis sie ie oe 14.4 12.6 


From the mean of these results it is possible to determine the quantity 
of ions held by the particles as a function of the concentration. Let x be 
the quantity adsorbed by unit surface, c the concentration of the substance 


da 


adsorbed from the liquid, and the derivative of the surface energy 


dc 
with respect to c. Then from Gibbs’ law we have: 
eo ie (I 
icra mul Tdc 


which shows that if surface energy increases as the concentration increases, 
then concentration is less at the interface than in the solution; if the surface 
energy decreases with increasing concentration, there is, on the contrary, an 
accumulation of solute at the interface. 

da ; : 

But we are able to calculate ae When the concentration of ions of the 
intergranular liquids is varied, the ionic atmosphere which surrounds each 
granule is itseif modified in the same way. This change, as we have seen, 
comes into evidence in studying the migration of particles in an electric field. 
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Calling V the difference of potential of the double layer which surrounds the 
particle, the mobility U is related to this difference of potential in the follow: 
ing way: ; 

KHV 


b= 4ay 


in which K represents a coefficient depending upon the specific inductive 
capacity, H the electric field and 1 the coefficient of viscosity. 

The introduction of ions charge oppositely to the granule modifies its 
ionic atmosphere and probably diminishes the thickness of the double layer. 
The difference of potential Y varies likewise in the same direction. 

The surface tension is the result of both the cohesive and electric forces. 
As has already been seen, these two factors exert antagonistic effects. By 
calling dW, the increase of potential energy of cohesion for a variation dS 
of the surface, the value relative to the forces of cohesion is: 


__ dW, 
Mie Oo 8 
By calling dW, the variation of the potential electrical energy for a variation 
of surface dS, the value relative to the electric forces is: 
= YCV? = YoV 


o being the density of the charge. 
The surface tension will then be: 


a 


da Idle 

dem lade 
But we have seen that 

dV dU 

de dc’ 


U being the mobility of the particle. The experimental results relative to 
the variation of the mobility with the ionic concentration of the intergranular 
liquid indicate that the variation of V as a function of the concentration ¢ 
is given by the relation: 


ashes 


in which p is independent of the nature of the ion and of the surface, and is 
in the neighborhood of 4. 


Then 
aia 4 : da at 
Fame pkc? from which ear Roce 
Substituting this value in the Gibbs’ equation we have: 
ie oe ==" 6”. 


There results thus the isotherm of Freundlich, in which. the coefficient Pp 
isize: 


THE ACTION OF LIGHT UPON SUSPENSIONS 375 


3. Actions of Radiations—In showing the action of light upon the equi- 
librium of adsorption of ions, it is natural to think of the determination of 
the mobility of particles in an electric field. It has been seen indeed that this 
mobility is determined by the relation: 


IE Eng 
~ 4rn * 

In order to make this study logical and systematic, it has been necessary to 
determine the variation with time, of the mobility of different suspensions. 
subjected to different radiations. The time of the establishment of equi- 
librium ranges from 20 to 35 minutes. This time is too short to allow 
more than one determination of the mobility in a series of suspensions ex- 
posed to various radiations. Besides, measuring the mobility takes time, which 
may run into several minutes. When we follow the variation of mobility 
with time, there results quite a considerable uncertainty as to the range of 
the time corresponding to the mobilities observed. Hence, it is preferable to 
compare among themselves the mobilities of suspensions submitted to differ- 
ent radiations, these mobilities being determined at the end of a time greater 
than that for the establishment of adsorption equilibrium. This study has 
been carried out upon mastic and gamboge varying the nature of the cation 
and its concentration. 

The ions studied were: H, La, Al, Ba, Mg, K and Na. In all these cases 
the radiations of the visible spectrum acted very differently. The blue and 
the red radiations act antagonistically. The results are analogous for both 
gamboge and mastic. 

Represent by Uj the mobility of the granules of suspensions exposed 


to radiations 4 (red), by Uy’ that corresponding to the suspensions exposed 


to radiation 1’ (blue), by U, the mobility of the check suspensions left in 
the dark. These values represent the mobility of the suspensions half an hour 
after the introduction of the electrolyte in question. It may be taken for 
granted that the adsorption equilibrium is established. The effect produced 
by the radiation in question may be measured by the value of the ratio U},/Uo. 


It is found that this ratio is greater than unity for suspensions exposed to 
radiations of low frequency, and on the other hand smaller than unity for 
those which are submitted to radiations of high frequency. 

With relation to the checks, the short wave lengths increase the quantity 
of ions fixed, while the long wave lengths diminish it. 

The influence of the concentration of the ions upon the effect produced 
has been studied. In all cases investigated the influence is the same. The 
resulting value increases with concentration up to an optimum concentra- 
tion, and drops at a concentration in the neighborhood of that which pro- 
duces agglutination of the suspension. ; 

The following figures have been found for different cations. 


GAMBOGE 
UX UN’ 
Normality Uo Uo 

H2SO, 

ONO UO ys 5 cao os Su Crooner 1.08 0.90 

ONOOOZS seeete te cloictete sie ets: stoveleaee 1.31 0.70 

ODO O92 ait ria ttcresstadeisoiats ole) Riche tens 1.05 0.75 

CMDS arene ademas tes che cs ay ores Viclke oyo.%8 Go for 1.05 0.98 (agglutination) 


376 


COLLOID CHEMISTRY 


GAMBOGE un 
Normality Uo 
H.SO, 
HCl 
O.QOO TE conc. okteedeleletelae ciel oie. 1.01 
(OOOO Se ar rae cnaere ttetesaiioens 1.30 
(0002 Fe cer eae eran 1.10 
Lat++: La(NOs)s 
COROT NOT Sees Pogo dc adnan 1.03 
CO QO0 Ltr cceccin erectile toes 1.10 
CO O00 SMA ee cent te 1.30 
COO TR ae Gee omtoerence 1.00 
Altt+:; Alk(SOz)s 
O:QO00 Ls cathtiane det certains ciccee 1.00 
OOOO Te om at eer cccimere sca 1.20 
(O00 PAN rotors pate cesta terete ad 1.30 
OOOG HE AC te ast eee 1.00 
Batt: BaCla 
O\000T seein vie eactet aohiaeterse ee 1.10 
O00 See ec tree 1.10 
OOIR Fea eno Cte eae 1.00 
Mg++: MgCh 
O.0001 &.. Sis Fatale le cho cane’ 1.10 
QlOOT San beet ioc eee ccschecoe 1.20 
OO Pe Bae aan ache 1.00 
K+: KCl 
CANO; 0;0} Reena ckepuismcoscueMo eer oat 1.00 
OOO TE etatet serer merece hemes ister 1.10 
OOS a eee 1.20 
0:07 35 ea to ae 1.00 
Nat: NaCl 
0.0001 Sik oe ote 1.00 
O:0OT RRR AR NI ake 0.80 
OO Leer ear Paes 0.69 
CO RRS We ON RE cits a bono — 


i the optimum effect. 


TABLE V 
Concentration in U, 
Electrolyte Normality Uo (red) 

HsS Ope nreatien amcriocrssteins 0.000228 1.40 
Ne CO) are Fd tAciereeurds ota cto Ome 0.000380 1.30 
LatNO) one eee 0.000250 1.32 
‘AL( SOD eee ete 0.000153 1.20 
BaClineecceircn cere 0.0040 1.30 
Nal i. eile oc nccmensttnnre 0.01 1.20 
KCl Oe eee ee ere 0.01 1.22 


0.72 


1.02 (agglutination) 


0.74 


1.00 (agglutination) 


0.75 


0.97 (agglutination) 


(agglutination) 


Mastic.—The values indicated by Ux/U. correspond approximately to 


ee 
Uo (blue) 


These results show that the effect produced by the radiation to which 


the suspension is exposed passes through an optimum for a concentration 
in the neighborhood of that which causes agglutination of the particles. 
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Whatever may be the valence of the adsorbed ions, the maximum intensity 
of the action is the same. The optimum effect oscillates between 25 and 
30 per cent but the preceding results do not indicate any systematic variation 
with the valence of the adsorbed cation. The course of this variation and 
the existence of an optimum is easily explained if one remembers that the 
velocity of adsorption is higher the greater the concentration of the cation. 
Now the time which the different operations require (addition of electro- 
lyte, filling the flasks and placing them in the thermostat) may be more or 
less important. When the concentration of the electrolyte is in the neigh- 
borhood of the critical agglutination concentration adsorption occurs very 
rapidly and when the suspensions are exposed to the action of radiation, equi- 
librium is already established. On the other hand, when the concentrations 
of the electrolyte are very weak, the effect produced is very small, and if 
the light produces any modification it is only extremely feeble. It is thus 
that its action may manifest itself by the existence of an optimum. 

The curves of the adsorption of ions may be traced for suspensions sub- 
mitted to the action of various rays. Utilizing logarithmic coordinates, we 
find in general that a straight line results, represented by the equation: 


ie 
Log aps Cf: =) log C 


in which U} represents the mobility of the grains of the suspension sub- 


mitted to radiation of wave length 4 for a concentration of ions C, and U, 
the mobility before the introduction of the electrolyte. Concentrations greater 
than those for which the optimum effect is obtained do not obey the linear 


relation. 
U 
( ie =) AKO 


We have then: 

The exponent p is the same for all the curves; it is independent of the ions 
considered, of the wave length of the light, and also of the nature of the sus- 
pension. It is always approximately equal to 4. 

The values of the parameter 4 for mastic are greater than those obtained 
for gamboge. However, for each substance and for each ion considered, the 
value of the parameter A, corresponding to suspensions not subjected to any 
radiation, has a value intermediate between that obtained for the suspensions 
exposed to red radiations on the one hand and blue on the other. 

By reason of the limited number of determinations for each adsorption 
curve, the verification of the preceding formula is incomplete. 

There seems, moreover, to be a relation between the effect produced by 
light and the action of electrolytes. Let Uy be the mobility of the suspen- 


sion with the electrolyte and submitted to radiations of wave length A; 
U, the mobility in the absence of electrolyte and in the dark; and U’ the 
mobility of the suspension with the addition of electrolyte but left in the dark. 
Then we have for each wave length: 

i, = constant. 
The effect due to the light for unit action of electrolyte is constant. This 
is quite in conformity with the above results, which show that: 
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it, SA? anid jae ALCP 
1 ii A ie 


i) 
by dividing one of these by the other, we have: 


U,—U), A} : 
; ARELGS esto as constan 
for a determined electrolyte and frequency of radiation. a a 

Influence of temperature-—The change produced by light diminishes as 
the temperature of the illuminated suspension is raised. In the neighborhood 
of + 6° the observed effect is, according to the particular case, 1.5 to 2 
times more intense than at 28°. On the average, the experimental results 
indicate that at 6° the effect is about 35 per cent, while at 28° it is no more 
than 20 per cent. This result is without doubt the consequence of the fact 
that temperature accelerates the adsorption process. It has been rather roughly 
verified that the position of the optimum is displaced towards the weak con- 
centrations when the temperature is raised. 

Influence of the concentration of particles—Outside of experimental error 
we find on studying the influence of the number of particles per cubic centi- 
meter that the very concentrated suspensions are nearly insensitive to the 
action of different radiations. This result is quite logical: the superficial 
layers hit by the rays protect the interior parts against the action of light. 

Instability of the change produced—The change produced by radiation 
upon the adsorption equilibrium is not stable; that is, the suspension when 
removed from the action of the light to which it has been exposed slowly 
loses the change which has been produced, disappearance being almost com- 
plete in from 3 to 5 hours. 

The mobility of the particles of suspensions submitted to the action of 
red radiation diminishes in the direction of the check suspension. On the 
contrary the mobility of grains of the suspensions submitted to blue radia- 
tion increase toward the same limit. Apart from experimental errors this 
variation is exponential. 

Once the equilibrium is thus established, if we once more subject the 
flask to the action of radiations, no further change is produced. 


APPLICATIONS TO BIOLOGY 


If the results obtained in the preceding experiments are susceptible of 
generalization, it might be said that light shows upon suspensions and col- 
loidal solutions antagonistic actions; short wave length radiations destroy their 
stability, radiations of long wave length, on the contrary, increase it. 

If it were the same for all colloids it would be easy to explain phenomena 
relative to the action of radiations upon tissues or upon living cells. Pro- 
toplasm which beyond doubt has a micellular structure, owes its existence 
to the stability of its constituent micells. All agents acting to diminish this 
stability should affect profoundly the activity of the protoplasm. This action 
may go as far as the total destruction of its activity, if the change of the 
mechanism of the forces of cohesion reach the coagulation point. 

The action of light upon the cellular protoplasm is particularly character- 
istic for high frequencies. Ultra-violet rays are, indeed, very active and may 
energetically coagulate it. which is in conformity with the generalization 
suggested. 
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It is important to note that the repeated action of radiation of short wave 
ength is equivalent to that of an elevated temperature. 

In the domain of vegetable biology the application of these considerations 
S even more extensive. As LeClerc du Sablon ** has shown, the principal 
iunctions of plant life may very probably be attributed to osmotic processes. 

The intensity of the exchanges between various cells should be a function 
yf the degree of permeability of the protoplasm. Now, the action of light 
ipon this factor is evidenced by many experiments. Lepeschkin,!* for ex- 
unple, has shown that light favors exosmosis across the struma of bean 
eaves. The permeability of the protoplasm is, therefore, increased. The 
ame thing is found when the leaves of Elodea are exposed to sunlight and 
mmersed in a very dilute solution of eosin; they become very strongly colored 
ed, while similar leaves placed at the same temperature in the dark remain 
‘completely uncolored. The protoplasm of the vegetable cell reacts when ex- 
dosed to the light, becoming more permeable. 

These facts agree perfectly with the results on the action of light upon 
suspensions, if one extrapolates them to the protoplasmic micells and takes 
nto account the degree of dispersion of the latter; that is to say, the per- 
neability of protoplasm may be increased by radiations of long wave length. 
in view of the repartition of energy in the spectrum it is not surprising, then, 
hat sunlight produces the same effect. 

Plant functions other than absorption present analogous phenomena. 
[ranspiration, for example, is a function of the radiation to which the plant 
s submitted. Wiesner ** has studied the influence of light upon the transpira- 
ion of plants with chlorophyll and without chlorophyll. He has shown that 
his substance does not play an essential role in the phenomena and that it 
was even possible to find plants without chlorophyll whose transpiration was 
nore sensitive to light than that of the former. In all these cases light 
ncreases the quantity of water transpired by the plant. If the intensity of 
Transpiration is attributed to the protoplasmic permeability it is no longer 
lificult to understand the manner in which light acts, since it is possible to 
‘xplain how the light modifies this latter factor. It appears then that the 
xtrapolation to protoplasmic micells, of the results obtained with suspensions, 
yives an explanation of certain facts relative to the action of light in biological 
»yhenomena. 
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Effect of Emulsoids on Colored Solutions 


By Hsien Wu, PhD., Associate Professor of Biochemistry, Peking Union 
Medical College, Peking, and Daisy YEN Wu, A.M. 


The color of the solution of a colored substance of small molecular weight 
is little or not at all affected by the presence of an emulsoid which does 
not react chemically with the colored substance and which does not change 
the hydrogen ion concentration of the solution. When the colored substance 
has a large molecular weight, the presence of an emulsoid may influence the 
color of the solution in a number of ways. Should the colored solution be 
a suspensoid, the emulsoid will protect it from coagulation, as for example, 
gelatin protects colloidal gold solution. Should an insoluble colored substance 
be liberated from its soluble form the emulsoid will prevent its precipitation, 
as is the case when an acid solution of Nile blue is made alkaline in the pres- 
ence of egg albumin. Finally, if the colored substance happens to fade on 
standing, the emulsoid may retard the rate of fading. This is true of methyl 
violet and gum arabic in alkaline solution. In all such cases the emulsoid 
exerts its influence by retarding or preventing some change which would take 
place in its absence, and consequently the color of the solution containing 
the emulsoid will differ from that of the same solution containing no emulsoid. 

In this paper, however, we will describe quite a different kind of influ- 
ence of emulsoids, an influence which depends on an equilibrium between the 
emulsoid and the colored substance. 

In connection with the colorimetric determination of hemoglobin as alkaline 
hematin, we attempted to use as the standard of comparison pure alkaline 
hematin solution prepared by dissolving crystalline hemin in alkali. To our 
surprise we found that the color of the pure hematin solution was much 
weaker than that of the solution prepared from the corresponding amount 
of hemoglobin. Since the only difference between the two solutions was 
that the one prepared from hemoglobin contained a protein, globin, while 
the other contained, of course, no protein, it was clear that the globin in- 
creased the color of alkaline hematin. Addition of serum, egg white, gelatin 
and other proteins to the pure hematin solution was found to have a similar, 
though quantitatively different, effect. This led us to try other emulsoids 
such as gum arabic, starch, agar agar, etc., and all these were found to in- 
fluence the color intensity of the alkaline hematin solution. A few explora- 
saci experiments with another colored substance, congo red, gave similar 
results. 

The influence of emulsoids on the color of alkaline hematin and congo 
red * solutions cannot be ascribed to a change in the alkalinity, for such a 
change of alkalinity as might be caused by the addition of the emulsoid was 
shown to have no appreciable effect in itself on the color of the solution. 
Moreover, the color of alkaline hematin and congo red produced on the addi- 
I. S¢e. Chem. Ind, 80, E17 (1911); also Seveutts Unteraationallesgiees SEA ie Medes ae 
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tion of an emulsoid cannot be obtained in its absence by mere change of 
reaction. Hematin and congo red are acids and they should not combine 
with protein, which in alkaline solution also behaves as an acid. Chemical 
combination of hematin and congo red with the polysaccharides is even more 
unlikely. That emulsoids of entirely different nature, such as egg albumin 
and gum arabic are, should exert a similar influence on the same colored sub- 
stances shows that the influence is physical and not chemical. 

In the search for colored substances upon which emulsoids have a marked 
effect, we surveyed about 100 colored substances, mostly dyes and indicators, 
using gum arabic as the emulsoid. The majority of the colored substances 
we studied were little or not at all affected by the gum. Some showed in- 
crease, others showed decrease in intensity, while still others showed great 
change in shade without much change in intensity. 

Although we have used only gum arabic in the routine survey on account 
of its low buffer value and the consequent small change in hydrogen ion con- 
centration when it is added to the colored solution, the results obtained are 
generally true also for other emulsoids, proteins and polysaccharides. Soaps 
in amounts which do not produce turbidity, however, have practically no 
influence on colored solutions. The chief factors which determine whether 
or not a given colored substance will be influenced by a given emulsoid must 
be, of course, the size and configuration of the molecule of the colored sub- 
stance as well as of the emulsoid. The reaction of the solution and the con- 
centration of the emulsoid are, however, also important. The same emulsoid 
may cause a decrease at one concentration and an increase at another con- 
centration. For example, the color of alizarin red in alkaline solution is 
decreased by the addition of a small amount of gum arabic but is increased 
by larger amounts of the same emulsoid.* Again, other things being equal, 
the emulsoid may have no effect at one reaction but exert a marked influence 
at another reaction. Thus, the color of congo red in alkaline solution is not 
increased until the py of the solution is about 12. 

There are two ways in which a colored solution may be influenced 
physically by the emulsoid: (1) adsorption of the colored substance by the 
emulsoid, and (2) adsorption of the emulsoid by the colored substance. In 
the former case a layer of the colored substance is formed around the particles 
of the emulsoid, while in the latter case the reverse is true. For convenience, 
the former will be called adsorption of the first kind, while the latter will 
be called adsorption of the second kind. The color of the adsorption complex 
in either case may differ in intensity and in shade from that of the particle 
of the free colored substance. 

Since the adsorption complex, the free colored substance and the emulsoid, 
all remain dispersed, it is not easy to determine by analytical methods the 
concentration of these components. However, if we make certain assump- 
tions regarding the color value of the adsorption complex as compared with 
that of the free colored substance, we can deduce from colorimetric measure- 
ments certain relations which agree well with the theory of adsorption. 


Case 1. ApSORPTION OF THE COLORED SUBSTANCE BY THE EMULSOID 


Let the concentration of the total colored substance = C}, 
SMS s «adsorbed colored substance = Cy, 
and “ “ is eer ISOLdi—— wee 


* Deflocculation may accompany adsorption. J. A. 
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Then, applying the usual adsorption equation, 


C8 = a(C;— Ca)" (1) 
1 
Ca = aE(C;—Ca)* (2) 


If Cq is small and negligible compared with C; then 
1 
(Sg MEE (3). 
If the color value of the free colored substance is negligible in comparison 
with that of the adsorbed colored substance, then the color value of the 
solution is shown in the following equation. 


V = KiCa (4) 


Substituting (3) in (4) and replacing Ky, a and E by a single constant K, 
then 


1 t 
a== CRG TN Gat == IE 8 ; (5) 
Since . is less than 1, it is readily seen from Equation (5) that the relative 


color value V would decrease with increasing total concentration C; of the 
colored substance, the concentration of the emulsoid E being constant. In 
other words, there will be no proportionality between the total concentration 
of the colored substance and the color value, unless the concentration of the 
emulsoid is so large that all the colored substance is adsorbed. 


Case 2. ADSORPTION OF THE EMULSOID BY THE COLORED SUBSTANCE 


Let the concentration of the total emulsoid = F£, 
te “  “ adsorbed emulsoid = e, 
colored substance = C. 


6c “cc “cc be 


and ~ 


Then, applying the usual adsorption equation, 


1 
e taal 


$= a(E—e)" 7 (6) 
If e is small and negligible compared with F, then 
1 
a s 
Gnu (7) 


Let the color value of the solution containing no emulsoid = 1 and the color 
value of the solution containing emulsoid = l’, then the increase due to ad- 
sorbed emulsoid / = V Assuming that the increase is proportional to 
the amount of emulsoid adsorbed per unit of colored substance, then 


is Vis NK (8) 


Substituting (7) in (8) and replacing K, and a by a single constant, K, 
1 1 


I = (Kya) E* = KE* (9) 
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From Equation (9) it is clear that the increase in the relative color value (1) 

depends only on the concentration of the emulsoid and is independent, within’ 
limits at least, of the concentration of the colored substance. It follows from 

this that the proportionality between the color value of the solution and the 

concentration of the colored substance holds in the presence as well as in the 

absence of the emulsoid. 

The quantitative relationship between the concentration of the emulsoid 
and the intensity of the colored solution for a number of substances has been 
studied. At least two series of measurements were made for each colored 
substance with a given emulsoid. In one series the concentration of the 


Color value. 


0 1 2 3 


4 5 6 7 8 9 lo 
Conoentration of colored suostance (vu), 


Fic. 1.—Relation between color value and concentration of colored substance in the 
presence of a submaximal amount of emulsoid. 


Upper curve: Tumeric. C cc. of 0:2% tumeric solution in alcohol + 2 c.c. 5% gum 
arabic + 5 c.c. 10% NaOH, made up to 50 cc. 
Lower curve: Iodine. C cc. 0.001 N iodine in 0.02% KI+3 cc. 0.1% starch + 1 cc. 
10% KI+1 cc. N HAc+NaAc, made up to 50 c.c. 


emulsoid was varied, the concentration of the colored substance remaining 
constant. In the other series the relation was reversed. 

As an example of adsorption of the first kind the reaction between iodine 
and starch or other polysaccharides may be mentioned. The change of color 
of a dilute iodine solution from faint yellow to intense blue upon the addi- 
tion of starch is so striking that iodo-starch was at one time regarded as a 
chemical compound. Since Kiister showed that the amount of iodine taken 
up by starch varied with the concentration of the iodine solution in equi- 
librium with it, opinion has been divided as to whether iodo-starch is a solu- 
tion or an adsorption compound.t_ The concept of solution as applied to iodo- 
starch is distinctly vague. Since the iodo-starch reaction takes place only in 
the presence of water, for starch does not become blue when suspended in 


384 COLLOID, CHEMISTRY. 


an alcoholic solution of iodine, it is evident that the reaction is one of starch 
as an emulsoid, a colloidal solution of starch in water, and not of starch as a 
solid. According to the current concept of emulsoids, a starch solution should 
consist of starch particles, containing water, suspended in a very dilute solu- 
tion of starch in water. Should the iodine molecules enter the starch particles, 
the process may be considered as one of solution. But as the iodine mole- 
cules are thus surrounded by starch molecules, the complex may also be con- 
sidered as an adsorption compound, in which iodine is the adsorbent (adsorp- 
tion of the second kind). Should the iodine molecules be held on the surface 
of the starch particles, the complex is in no sense a solution, but is an adsorp- 
tion compound in which starch is the adsorbent (adsorption of the first kind). 

We are aware that the iodide ion plays an important part in the iodo- 
starch reaction, for the reaction is far more sensitive in the presence of 


0.6 


Log V. 


0.3 


eee = ! eel 


0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 1.2 
Log Ce 


Fic. 2.—Adsorption of iodine by starch. 


potassium iodide. The color of the iodo-starch depends also on the state 
of aggregation of the starch particles, for two starch solutions of the same 
strength but of different origin will give different amounts and shades of 
color. It is possible that the iodo-starch reaction is more complicated than 
either simple adsorption or solution, and conclusive proof awaits more rigor- 
ous methods of analytical chemistry than the colorimetric method described 
in this paper. But when all the variable factors are kept constant, the re- 
sults of colorimetric measurements are uniform and reproducible, and point 
unmistakably to the conclusion that iodo-starch is an adsorption compound of 
iodine on starch. 

In Table I and Fig. 1 it will be noted that the color value of the iodo- 
starch solution is far from being proportional to the total concentration of 
iodine when the concentration of starch is constant. The color value-concen- 
tration curve is in fact an adsorption curve and the log V-log C curve (Fig. 2) 
is a tolerably straight line when the concentration of starch is small and C, 
is negligible in comparison with C;. These facts are in harmony with the 
equations derived for the adsorption of the first kind. 
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TABLE I 
Errect oF SAME Amount oF STarcH oN Cotor or DirrereNt Amounts or IopINE 


3 c.c. 0.1 per cent starch + C cc. 0.001 N In+1 cc. N (HAc+NaAc) + 
1 c.c. 10 per cent KI, made up to 5.0 cc. 


ic V ; Log C Log V 
ae 2.000 - 0.301 0.301 
3 2.417 0.477 0.383 
4 2.633 0.602 0.421 
5 2.923 0.699 0.466 
6 3.054 0.778 0.485 
7 3.183 0.845 0.503 
8 3.269 0.903 0.514 
10 3.840 1.000 0.549 


* The color value of this solution is arbitrarily taken as 2. 
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Fic. 3—Color value of congo red solutions containing different amounts of egg albumin. 


GU/NIBULIS, Wit 
Errect or Ecc WuiItEe on Cotor or Conco REp 


5 c.c. 0.025 per cent congo red + E cc. 5 per cent egg white +4 c.c. 10 per cent 
NaOH made up to 50 c.c. 


E Vv I Log E Log I 
0* 1.000 0 * 
1 1.484 0.484 0 1.685 
2 1.602 0.602 0.301 1.780 
3 1.698 0.698 0.477 1.844 
4 1.788 0.788 0.602 1.897 
5 1.850 0.850 0.699 1.930 
6 1.911 0.911 0.778 1.960 
8 2.010 1.010 0.903 0.004 
10 2.100 1.100 1.000 0.041 


“The color value of this solution is arbitrarily taken as 1. 
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The effect of emulsoids on most of the colored substances which we have 
studied can be explained as adsorption of the emulsoid by the colored sub- 
stances. With some of these, congo red, hematin, erythrosin, trypan red, 
etc., the results of colorimetric measurements fit Equation (9) closely. With 
some others, alizarin red and turmeric for example, this equation fails to apply, 
but that we are dealing with adsorption of the second kind may still be in- 
ferred from other facts. Ae ‘ 

The result of the experiment on congo red and egg albumin is shown in 
Table II and Fig. 3. It will be noted that the J-E curve (Fig. 3) is a typical 


1.6 :! Se bes eer] ] j { 
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Fic. 4.—Adsorption of egg albumin by congo red. 


adsorption curve and that the log J-log E curve (Fig. 4) is a straight line. 
The relation between J and E can be expressed by the equation: 


I=V—1=0.464E34 


which holds for concentrations of congo red from 1 to 5 c.c. of 0.1 per cent 
solution and concentrations of egg albumin from 1-10 c.c. of 5 per cent solu- 
tion in 50 c.c. With concentrations outside of these limits the equation no 
longer holds. It will be remembered that in the derivation of Equation (9) 
two assumptions were made: (1) that the increase in color value is pro- 
portional to the amount of adsorbed emulsoid and (2) that the amount of 
adsorbed emulsoid is negligible compared with the total emulsoid in solution. 
These assumptions can hold, of course, only within certain limits. Similar 
result was obtained with congo red using 0.5 per cent gum arabic instead of 
5 per cent egg albumin (Table III and Fig. 5). 

The results of our experiments on hematin, alizarin red and turmeric, 
using either egg albumin or gum arabic as the emulsoid are shown in Tables 
IV-VIII. The log E-log J curves for hematin (Fig. 5) are tolerably straight 
lines. That for turmeric (Fig. 6) is unquestionably a curve. But it covers a 
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TABLE III - 
Errect or Gum ARaABic oN Cotor or Conco Rep 


1 c.c, 0.1 per cent congo red +E c.c. 0.5 per cent gum arabic + 5 c.c. 10. per cent 
NaOH made up to 50 c.c. 


E V I Log E Log I 
O* 1.000 0 

1 1.104 0.104 0 1.017 
2 1.173 0.173 0.301 1.238 
3 1.250 0.250 0.477 1.398 
4 1.311 0.311 0.602 1.493 
6 1.382 0.382 0.778 1.582 


* The color value of this solution is arbitrarily taken as 1. 


Fic. 5.—Adsorption of emulsoids by colored substances. 


Upper curve: hematin + egg albumin. 
Middle curve: congo red + gum arabic. 
Lower curve: hematin -+ gum arabic. 


TABLE IV 
Errect or Ecc WuitEe on Cotor or ALKALINE HEMATIN 


2 c.c. 0.1 per cent hemin + E c.c. 5 per cent egg white +5 c.c. 10 per cent NaOH 
made up to 50 c.c. 


E V y Log E Log I 
Q* 1.000 0 
1 1.293 0.293 0 1.467 
2 1.383 0.383 0.301 1.583 
3 1.471 0.471 0.477 1.673 
4 1.563 0.563 0.602 1.751 
6 1.655 0.655 0.778 1.816 
8 1.734 0.734 0.903 1.866 
10 1.760 0.760 1.000 1.881 


* The color value of this solution is arbitrarily taken as 1. 
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TABLE V 
Errect or Gum ARABIC ON CoLor or ALKALINE HEMATIN 


2 cc. 0.1 per cent hemin+ E cc. 5 per cent gum arabic +5 c.c. 10 per cent NaOH 
made up to 50 c.c. 


E Vv I Log E Log I 
o* 1,000 0 ‘ 
1 1.083 0.083 0 7919 
Zz 1EIS3 0.133 0.301 1,124 
3 1,171 0.171 0.477 1.233 
4 1.200 0.200 0.602 1.301 
5 22 0.221 0.699 1.344 
6 1.245 0.245 0.778 1.389 
8 1.275 0.275 0.903 1.439 

10 1.304 0.304 1,000 1.483 


* The color value of this solution is arbitrarily taken as 1. 


TABLE VI 
Errect or Ecc WHITE ON CoLor oF ALIZARIN RED 


1 c.c. 0.1 per cent alizarin red + E c.c. 5 per cent egg white + 5 c.c. 10 per cent 
NaOH, made up to 50 c.c. 


E V I 
0* 1.000 0 
0.5 0.939 — 0.061 
1 0.916 — 0.084 
Z 0.859 — 0.141 
3 0.834 — 0.166 
4 0.812 — 0.188 
5 0.787 — 0.213 
6 0.785 — 0.215 
7 0.799 — 0.201 
8 0.810 — 0.190 
10 0.827 — 0.173 
15 0.853 — 0.147 
20 0.880 — 0.120 
30 0.935 — 0.065 
40 0.961 — 0.039 
* The color value of this solution is arbitrarily taken as 1. 
TABLE VII 


Errect or Gum ARABIC ON Cotor oF ALIZARIN RED 


1 c.c. 0.1 per cent alizarin red + Ecc. 5 per cent gum arabic +5 c.c. 10 per cent 
NaOH, made up to 50 cc. 


E V T 
0* 1.000 0 
0.5 0.789 ee (TT 
1 0.716 — 0.284 
1S 0.689 — 0.311 
Zz, 0.706 — 0.294 
3) 0.744 — 0.256 
4 0.822 — 0.178 
5 0.880 0,120 
6 0.944 — 0.056 
8 0.986 — 0.014 
10 1.016 + 0.016 
15 1.043 + 0.043 
20 1.068 + 0.068 


*The color value of this solution is arbitrarily taken as 1. 
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TABLE VIII 
Errect or Gum ARABIC ON CoLor oF TURMERIC 


1 cc. 0.2 per cent turmeric + E c.c. 5 per cent gum arabic + 5 c.c. 10 per cent NaOH 
made up to 50 c.c. 


E V I Log E Log I 
0* 1.000 0 
1 1.113 0.113 0 1.053 
2 1.266 0.266 0.301 1.425 
4 1.506 0.506 0.602 1.704 
6 1.680 0.680 0.778 1.833 
8 1.830 0.830 0.903 1.919 
10 1.961 0.961 1.000 1.983 
15 2.217 1217 1.176 0.085 
20 2.370 1.370 1.301 0.137 
30 2.499 1.499 1.477 0.176 
40 ; 2.608 1.608 1.602 0.206 
* The color value of this solution is arbitrarily taken as 1. 
0.4 
0.2 
1.6 
ae ‘ 
1.4 
1.2 
oe —5 — 4 ay sk i —)- on — as 2.0 


Log B- 


Fic. 6.—Adsorption of gum arabic by turmeric. 


wide range of concentrations of the emulsoid, and the slight deviation from 
lineality may be explained by the failure of the assumptions made in the 
derivation of Equation (9). No attempt was made to interpret the F-V 
curves (Fig. 7) for alizarin red which show a minimum, for evidently no 
simple relation between color intensity and adsorption of the emulsoid could be 
assumed in such a case. The color value of solutions of both tumeric and 
alizarin red is, however, approximately proportional to the concentration of 
the colored substance in the presence as well as in the absence of the emulsoid 
(Fig. 1), and we must conclude either that the emulsoid is adsorbed on 
the colored substance or that the colored substance is completely adsorbed 
by the emulsoid. The latter explanation is, however, improbable, since the 
same V’-C curve is obtained with very small amounts of the emulsoid. 
Sometimes, the presence of an emulsoid decreases the color intensity of the 
solution of the colored substance. The influence of gum arabic on China 
blue is an example. The results of colorimetric measurement in this case 
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also fit the equation for the adsorption of the second kind (Table IX and 
Figs. 8-9). 
TABLE TX’) 
Errect or Gum ARABIC ON CoLoR oF CHINA BLUE 


1 c.c. 0.1 per cent China blue + E c.c. 5 per cent gum arabic + 1 c.c. 10 per cent HCl 
' made up to 50 c.c. 


E Vv I Log E Log (— I) 

0.0 * 1.000 0 “te 

0.5 * 0.962 — 0.038 1.699 2.580 

1 0.928 — 0.072 0 2.857 

2 0.887 — 0.113 0.301 1.053 

3 0,832 — 0.168 0.477 1225 

4 0.800 — 0.200 0.602 1.301 

6 0.768 — 0.232 0.778 1.366 

8 0.760 — 0.240 0.903 1.380 : 


* The color value of this solution is arbitrarily taken as 1. 
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Relative color value. 
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lig. 7—Color value of alizarin red solutions containing different amounts of (1) Egg 
albumin and (II) Gum arabic. 
-TABLE X 
RELATIVE Errect oF EmMuLsorp on Cotor VALUE or Conco RED 


1 c.c. 0.1 per cent congo red +100 mgs. emulsoid +5 cc. 10 per cent NaOH, 
made up of 50 c.c. 


Emulsoid Color Value 
Notte? tists gists acts fet LR ee eas Ee oe 1.000 
Starch (Bt vies. ian hecspaee te rene serene eee ee 1.062 
Dextrin “poy cieatesc lose ee ee 1.063 
Gelatin® Perro once oe ee 1.317 
Egg ‘albumin’ 2267 Niie clan hone eee 1.602 


Agar-agarijits wav edema: de beet ee 1.700 
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The influence of different emulsoids on the same colored substance varies 
considerably (Table X). One is reminded of the influence which emulsoids 
exert on colloidal gold solution. Although the action of emulsoids on gold 


1.0 


Relative color value 
o 


Concentration of mim arabic. 


Fic. 8—Color value of China blue solutions containing different amount of gum arabic. 


solution and that on congo red solution are different, the underlying cause is 
probably the same, namely, the formation of an envelope around the particle 
of the colored substance. Since the effect of emulsoids on colored substances 
such as congo red lends itself more readily to quantitative measurement than 


; 4 


Teal 
e 

Tat e 

re 

Ta 

° 

Tole Vi 
; a 
a 4 
tot 7 
8 29 a 

if “ 
A 
2.6} Ye 
va 
WZ 

i os 

boll ro 

ats \ | | | ! Nl ee | _1 | il 


da 1.8 1.9 0 Or 0.2 0-3 0-4 0.5 0+6 On? 08 
Log Ee 


Fic. 9.—Adsorption of gum arabic by China blue. 


the protective action of emulsoids on gold solution, it would seem that the 
adsorption of the second kind described in this paper might furnish a basis 
for a new reaction which would serve the same purpose as does the gold 
reaction in clinical diagnosis. 
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The effect of different proteins and their derivatives on the same colored 
substance seems to depend on the size of the molecules. While the natural 
proteins have a marked effect on congo red, proteoses and peptones have only 
a slight effect. and peptides have none. It would seem also that the adsorp- 
tion of the second kind may serve as a test of the relative complexity of pro- 
teins and other emulsoids. 

The so-called “protein error” has long been recognized in the colorimetric 
determination of hydrogen ion concentration. From the work reported in 
this paper, it is clear that the presence of emulsoids is a factor to be con- 
sidered in colorimetry in general. If emulsoids have no influence on the 
colored substance in question, then the presence of an emulsoid would of 
course cause no error. If the emulsoid has an influence on the colored 
substance, then it will be necessary to ascertain whether the emulsoid is 
adsorbed on the colored substance or vice versa. In the former case, the color 
value will be proportional to the concentration of the colored substance pro- 
vided the same amount of the emulsoid is present in the standard and in the 
unknown solution. In the latter case the color value will not be proportional 
to the concentration of the colored substance even when the same amount of 
the emulsoid is present in the standard and in the unknown solution. 
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Aerosols 


By Wiitiam E, Grprs, D.Sc., 
Chief Chemist, The Salt Union, Ltd., Liverpool, England 


Aerosols are disperse systems in which the dispersion medium is a gas. 
The disperse phase may be solid—as in a smoky flame or a metallurgical 
fume—or it may be liquid, as in an atmospheric mist or cloud. It is con- 
venient to denote as clouds or cloudy aerosols those systems in which the 
particles are too large to exhibit Brownian motion at the ordinary tempera- 
ture and pressure, and to denote the more highly disperse systems as smokes 
or smoky aerosols. 

Under certain conditions, an aerosol may become flocculated, the particles 
uniting to form loose aggregates or flocks that possess a network structure 
analogous to that of the gel that is formed by the coagulation of a hydrosol. 
Such flocks may be conveniently regarded as aerogels. Familiar instances 
are the flakes that are formed when metallic magnesium burns rapidly in air, 
and the accumulation of soot that forms in the flue of the domestic fireplace. 

Disperse systems in gases possess both theoretical significance and indus- 
trial importance. In presenting this account of the nature and significance of 
aerosols, it will be convenient for us to study the manner of their formation, 
their structure and stability, and their general properties, particularly in re- 
lation to the properties and behavior of disperse systems in liquid and solid 
dispersion media. We will also consider the application of this information 
to the problems of the condensation and filtration of industrial fumes, and 
dust explosions. Other important applications—to meteorology and the use 
of smoke in warfare—receive full treatment elsewhere. 


Tue ForMATION OF AEROSOLS 


An aerosol, like any other disperse system, can be formed either by the 
mechanical disintegration of a solid or liquid that is originally in a relatively 
coarse condition, or by the condensation of a molecularly disperse system— 
in this case, a gas or vapor. 


Dispersion Processes. 


When grain or sugar is ground in a mill—when, in dry weather, the air 
above a busy road is made dusty by traffic—when a volcano ejects fine dust 
and smoke into the air—when a wave of the sea, dashing against the foot of 
a cliff, bursts into spray—when the contents of a high-explosive shell detonate 
into dust—aerosols are being produced by the mechanical dispersion of solids 
or liquids. 

Industrially, aerosols are most frequently produced by the disintegration 
of solids in attrition mills or disintegrators, and by the spraying (atomizing) 
of liquids. The dry grinding of a solid may be performed in many ways 
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in which some of the particles are either torn apart by tension, while in others 
they are driven apart by crushing or shearing forces. Generally speaking, the 
efficiency with which the solid is disintegrated, and the degree of dispersion 
that is attained, are higher, the more rapidly the disintegrating force is applied. 

Many sprays have been designed for reducing liquids such as water, oil 
liquid metals, to a fine mist. These all depend for their action upon a sud- 
den and violent collision between a jet of the liquid and either a solid sur- 
face (generally moving relatively at a high speed—e.g., a rapidly rotating 
disc), a second jet of the liquid itself, or a jet of compressed gas. In a 
similar way, a bubble film breaks up into fine droplets when the bubble bursts, 
as in the formation of a mist during effervescence. 

The degree of dispersion that can be produced with a given expenditure 
of energy can be increased by reducing the viscosity of the liquid—e.g., by 
raising its temperature, or by diluting it with a liquid of comparatively low 
viscosity, or by lowering the surface tension (for instance, by the addition 
of a substance like saponin to an aqueous salt solution). If these altera- 
tions are impracticable, it will be necessary to increase the velocity of impact 
between the liquid and the disintegrating surface. 

A great deal of work has to be done in order to reduce a solid or liquid 
to fine dust—first of all, in overcoming the forces of cohesion that originally 
hold the particles together, and then in distributing the particles throughout 
the dispersion medium. Mechanically produced aerosols, therefore, generally 
possess a relatively low degree of dispersion. They are also less uniform 
in structure than aerosols that are produced by the condensation of a vapor. 


Condensation Processes. 


Matter will remain gaseous as long as its molecules possess sufficient 
kinetic energy to overcome the forces of attraction or cohesion that tend to 
draw them all together into a compact liquid or solid mass. A gas will tend 
to condense if, and when, and where the kinetic energy of its molecules 
becomes too small—.e., if the temperature of the gas at any point falls be- 
low a certain value. 

Surface cooling—A gas may be cooled locally by contact with a cold sur- 
face, whether of another mass of gas, or of a liquid or solid. Such surface 
cooling depends upon the rate at which the entire volume of gas comes into 
contact with the cooling surface, and is generally a comparatively slow process, 
The rate of cooling depends, also, upon the heat capacity of the cold surface— 
1.¢., its specific heat and thermal conductivity. Clearly, when a mass of gas 
comes into contact with continuous liquid or solid surfaces that are relatively 
cold, condensation will produce a film of liquid or solid condensate. In the 
early stages of condensation, this film may be discontinuous and extremel 
finely divided, as in the case when metallic vapors condense rapidly ‘ipo 
the chilled wall of a glass container. It cannot, however, be regarded as an 
aerosol. An aerosol can be formed by surface cooling only when the cool- 
ing surface is itself a gas. To some extent, clouds are formed in nature 
by the slow mingling of a mass of warm, moist air with another mass of cold 
atte 
4 Nera se of dispersion of any condensate that is produced 

surface cooling will be irregular, the particles i 
than those that ra later. ot a praanrstibeng lates 

Surface cooling may occur almost simultaneously throughout a volume of 
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gas, and thus simulate volume cooling. When the sun goes down after a 
warm day and the warm, moist, dusty air is robbed of the radiation that 
warmed it, it cools by radiation towards the sky. Radiation being most 
intense from the suspended dust particles, the cooling is confined almost en- 
tirely at first to the surface of these particles. It then extends, by conduc- 
tion, to the surrounding gas molecules, and, when the dewpoint is reached 
in the immediate neighborhood of the dust particles, water vapor condenses 
upon them and a mist results. The degree of dispersion of such a mist will 
depend at first upon the size of the dust particles, and since, in still air, these 
may be considered to be uniform, it, also, will be fairly uniform. 

Volume cooling—The most satisfactory method of producing an aerosol 
by condensation is to cool the gas simultaneously throughout its entire volume. 
When a container filled with gas is enlarged suddenly—e.g., during the ex- 
pansion stroke of an internal combustion engine—the gas, by reason of the 
kinetic energy of its molecules, immediately expands until it occupies the 
enlarged space. The molecules, in separating further apart, perform work 


Fic. 1—Variation of maximal cooling temperature f, equilibrium temperature ?, super- 
saturation S, with ratio of volumes V2/V1 in the case of condensation of water 
vapor by adiabatic expansion. 


at the expense of their own kinetic energy, and, if the expansion is carried 
out so quickly that no heat enters from without during the process, the 
kinetic energy of the individual molecules, and, therefore, the temperature 
of the gas, will be diminished by an amount that will be proportional to the 
degree of expansion that the gas has undergone. Owing to the elasticity of 
the gas, this cooling effect will occur almost simultaneously throughout the 
entire volume of the gas. If, therefore, the degree of expansion is sufficient 
to reduce the temperature of the gas to below the dewpoint, the gas will 
tend to condense simultaneously at all points. For condensation to occur, 
it is necessary—as J. Aitken, C. T. R. Wilson and C. Barus * have shown *— 
for suitable condensation nuclei to be present, suspended in the gas. In the 
absence of nuclei, condensation occurs relatively slowly upon the walls of 
the containing vessel. 

Suitable condensation nuclei may be particles of dust, or smoke, or of 
various salts; they may be gaseous ions or, at high degrees of supersatura- 
tion, actual aggregates of the gas molecules themselves. They may be present 
before the gas is expanded, they may be added during the expansion, or they 
may be added subsequently. 

After the expansion is completed, and if suitable nuclei be present, vapor 


*See paper by C. Barus, this volume. J. A. 


396 COLLOID CHEMISTRY 


rapidly condenses upon the nuclei. The degree of dispersion of the result- 
ing aerosol depends upon the degree of supersaturation that is produced by 
the expansion, and upon the number and character of the nuclei that are 
present. 

Commencing with air saturated at a temperature T, — 20° C., the degree 
of cooling (T;—T.) and the degree of supersaturation (S) produced by 


: : Lal Ss ea 
given expansion ratios =~ are shown in Fig. 1. 
1 


S A, where C. is the concentration of water vapor in the air at the 
2 
final temperature T,, and C, is the concentration of water vapor in the air 
immediately before expansion. 

The actual amount of water vapor that is condensed by a given expansion 
of a volume of saturated air is determined by the degree of supersaturation 
that is produced. The number of droplets that will be formed from this vapor, 
and, therefore, their average size, will depend upon the number of suitable 
nuclei that are present in the vapor. Clearly, the droplets will be smallest 
when a small amount of vapor condenses upon a large number of nuclei. 

In ordinary saturated air, at low expansions, cloudy condensation results, 
since dust particles are numerous. If the air be entirely freed from dust 
particles—for example, by filtration through a plug of cotton wool—no 
condensation will occur until the volume has been increased 25 per cent— 
i.e., until the degree of supersaturation has become nearly 4.2 times as great 
CHigsel 

For expansions ranging from 1.25 to 1.34 (S = 6.8), the vapor condenses 
in the form of fine rain. The size of the droplets varies throughout the process 


of condensation from about 200 p radius, when v ==1125,"te 20 “us wie 
al 

on = 

aie 1.34. 


The nuclei upon which this rainy condensation occurs are gaseous ions. 
For expansions of from 1.25 to 1.28, water vapor condenses only upon nega- 
tive ions. For expansions of from 1.28 to 1.34, it condenses upon positive 
ions. 
The number of ions naturally present in ordinary air is very small. Con- 
sequently, the degree of dispersion is correspondingly low. If other gases are 
used, in which the natural degree of ionization is markedly different from 
that of air, very different degrees of dispersion may be obtained. With hydro- 


gen, a very slightly ionized gas, no rainy condensation occurs between Ba 
= 1.28 and 1.4. With chlorine, which normally is more ionized than other 


gases, condensation between ie = 1.28 and 1.4 is more cloudy. 
1 


In dust-free air, if the ionization be increased—e.g., by X-rays or by radia- 
tion from radioactive substances—the degree of dispersion will be greatl 
increased, cloudy condensation being produced instead of fine rain. This ae 
has been employed very ingeniously by C. T.. R. Wilson to make visible the 
paths of a and § particles travelling through supersaturated, and otherwise 
unnucleated, air. The particle ionizes the air as it passes through it, leavin 
behind it a trail of cloudy condensation. e 


AEROSOLS. 397 


When the degree of expansion of saturated air exceeds 1.4, cloudy con- 

V2 
Vy 

becomes coarse again, the degree of dispersion diminishing rapidly as ae 

6 


densation again sets in, and occurs until = 1.43, after which the condensate 


increases. When 3 = 1.46, the radius of the drop is about 0.6 u. 
A 1 
The nuclei that operate at these degrees of expansion are electrically 
neutral, and are probably complex water molecules. Such nuclei appear to 
be formed in water vapor more readily when hydrogen is used instead of air. 
Vapors other than water vapor behave similarly, the relation between the 
degree of expansion and the resulting degree of dispersion being characteristic 
and different for each substance. 


Action of Condensation Nuclei. 


It is reasonable to assume that these well-defined variations in the character 
of the condensation process are due in some way to the specific action of 
different kinds of condensation nuclei. In a homogeneous system, it is very 
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Fic. 2.—Vapor pressures of very small water droplets. 


difficult to induce a change of state—for example, crystallization from satu- 
rated solutions, or the condensation of unnucleated vapor. Some point of 
singularity, some nucleus or “free surface,” 1s necessary to act as a center, 
from which the change can spread. 

Little is known about the actual shape of nuclei, but it is reasonable to 
assume that liquid nuclei are spherical and, therefore, have a convex surface, 
while solid, crystalline nuclei may present a series of plane surfaces to the 
vapor, or, if irregularly crystalline or amorphous in structure, may at some 
point be concave. Vapor will condense more readily upon an irregular par- 
ticle—e.g., a dust particle—than upon one more regular or continuous. 

The vapor pressures (fp) above a plane surface, and (p’) above a curved 
surface, whose radius of curvature is (7), are related to each other and to (r) 
by the expression? 

Pome, (1) 
bat rp 


where o is the surface tension of the liquid, 
e is the density of the liquid, 
Ris the gas constant, 
and T is the absolute temperature. 


Log. 


, 
The values of go for different values of ry are plotted in curve 4, Fig. 2, 


assuming that the surface is convex, and that p’, therefore, is greater than p. 
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For a concave surface, p’ would be less than p, so Bhs: would possess values 
less than 1, and the curve would be inverted. ; 
At a plane water surface at 0° C., the vapor pressure p is 6,000 dynes per 
square centimeter. For a water droplet of radius yu, the vapor pressure at 
0° C., p’ is 6,007.3 dynes per square centimeter—a negligible difference. We 
see from the curve, however, that, when the value of r has become 1.6 py, 


, ; . 
ison that is, p’ is twice as great as p. As the radius is further diminished, 


p’ increases with increasing rapidity. 

Clearly, therefore, such small droplets would evaporate extremely rapidly 
at ordinary degrees of supersaturation. Conversely, it is impossible for vapor 
to condense upon them, unless the degree of supersaturation—that is to say, 
the density of the vapor—is very high. In the absence of nuclei, therefore, 
it is impossible for droplets to form—that is, for condensation to occur— 
unless, perhaps, at supersaturations of 8 or more, molecular aggregates exist 
of radius not less than 0.6 wu. 

(At such extreme values of the curvature of the surface, it is probable 
that the surface tension has a different value from that of a plane surface. 
If we assume that o is diminished for a convex surface of such small radius 

, , 
of curvature, then log. P is diminished, and consequently the value of x 
is smaller—that is, the increased vapor pressure of the droplet may not in- 
crease quite so rapidly at extremely small values of 7.) 

To induce condensation, therefore, it is necessary to introduce suitable 
nuclei that will reduce the pressure of the vapor at their surfaces. Such nuclei 
may be— 


(a) Inert particles possessing plane surfaces, the vapor pressure at such 
a surface being equal to p, and, therefore, lower than the pressure of super- 
saturated vapor. 

(b) Inert particles possessing porous surfaces, such that the radius of 
curvature of the pores is less than 1 u—the value of r, at which, for a concave 
surface, the pressure of the vapor begins to be less than at a plane surface. 
Clearly, once a film of vapor molecules has formed by adsorption, vapor will 
condense upon such a surface, even although it be unsaturated, and, as the 
radius of curvature of the pores is further diminished, it will condense readily 
upon the pore surfaces, even from vapor at pressures far below its saturation 
point. 

(c) Inert particles carrying an electrical charge—e.g., ionized gas mole- 
cules. The presence of an electrical charge on the surface of a liquid opposes 
the surface tension, and, therefore, diminishes the vapor pressure, to an extent 
that is proportional to the fourth power of the drop. 


For charged liquid surfaces, 


log: Ph eos 
8 > RT  8nr4 es 
where c is the quantity of charge per square centimeter of surface. 
The relation between = and r for charged droplets is shown in Fig. 2, 


curve B. 
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) } 
For a droplet of radius r, carrying unit charge, ines 1, so that the vapor 


pressure of the charged drop is just equal to that of a plane liquid surface. 
If more vapor were to condense upon it, r would increase, and its vapor pres- 
sure would rapidly increase until, at a radius of 0.63 wu, the vapor pressure 
would reach a maximum, p’ being about four times as great as p. Condensa- 
tion is, therefore, impossible upon such charged droplets, if the radius is less 
than 0.63 pu. 

Condensation is only possible if the vapor pressure diminishes as r increases 
—that is, when r is greater than 0.63 pu. 

The pressure at which condensation to form a charged droplet first be- 
comes possible, therefore, is that corresponding to radius rm. This is 4.2 times 
that above a plane surface, a value which corresponds well with that obtained 
experimentally. 

It is difficult to understand why, at a supersaturation of 4.2, water vapor 
condenses exclusively upon the negative ions, and, at a supersaturation of 6, 
upon positive ions. It would be more reasonable to expect that condensation 
would occur more readily upon positive ions, since these are generally the 
larger, and condensation occurs more freely the larger the particle. Other 
vapors generally condense more readily upon positive ions. Apparently, the 
anomalous behavior of water vapor is due to some specific relationship be- 
tween the character of the molecules of the vapor or of the “indifferent’’ gas 
and the size of the electrical charge. In this connection, it is interesting to 
note that, when ultra-violet light passes through air, it ionizes the constituent 
gases, and at the same time produces traces of such hygroscopic compounds 
as NH*’, H,O2, NOs, etc. These form good nuclei for the condensation of 
water vapor. 

(d) Substances that have a strong chemical affinity for the vapor. With 
water vapor, for example, hygroscopic substances, such as NaCl, SOs, combine 
with molecules of the vapor to form droplets possessing a lower vapor pres- 
sure, upon which more vapor easily condenses, even at low degrees of super- 
saturation—in fact, from unsaturated vapor. Droplets so formed have a 
permanently lowered vapor pressure, although it increases slightly as the 
drop becomes diluted. by further condensation. Such droplets, therefore, 
remain stable even when the air has become unsaturated. Atmospheric water 
vapor condenses to form a mist or cloud, because of the presence of hygro- 
scopic nuclei—e.g., NaCl, SO;—in the atmosphere. The stability of a city 
fog, often in a highly unsaturated atmosphere, has been attributed to the 
lowered vapor pressure of the droplets, owing to the presence of H,SO, 
dissolved in them. 

In general, it may be said that a nucleus promotes condensation of vapor 
upon itself by introducing locally into an otherwise uniform vapor a sudden 
pressure gradient, owing to the diminished pressure of the portion of the vapor 
that is directly in contact with the nucleus. This diminished pressure 
is brought about by the nucleus itself—either because of its curvature, or 
because it possesses chemical affinity for the vapor, or because it is electrically 
charged. ; : 

To this pressure gradient, there corresponds a concentration gradient. 
Such a localized concentration gradient produces what is virtually a free 
surface—a kind of interface, separating regions of vapor of different con- 
centrations from one another—so that the forces of intermolecular attraction, 
which, in the homogeneous vapor, may be considered to act uniformly in all 
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directions, now become oriented about certain centers, and produce surface 
tension and the beginning of localized surfaces in the vapor. 

The temperature of condensation—In describing the condensation of 
water vapor, it has been assumed that the temperature of the system remained 
above the freezing point throughout the process. 

If the condensation of water vapor be carried out at temperatures below 
zero, a cloud of ice crystals is produced.’ If, on the other hand, a cloud of 
liquid particles, formed by the condensation of water vapor at temperatures 
above 0° C., be cooled below zero in the complete absence of the solid (ice) 
phase, the particles can be. subcooled to temperatures as low as — 30° C. with- 
out solidifying. When such subcooled droplets come into contact with a solid 
surface, they solidify, the surface becoming coated with an ice scale. 

In this respect, water vapor is typical of a large number of substances that 
condense to form solid-gas or liquid-gas aerosols, according to whether the 
temperature of condensation is below or above the melting point of the dis- 
perse phase. ' 

We have seen that, when a vapor condenses in the presence of a chemi- 
cally indifferent gas, the character (particularly the degree of dispersion) of 
the resulting condensate can vary widely, depending upon the nature of the 
particular gas that is used. This appears to be due to differences in the degree 
of natural ionization that is exhibited by different gases, with corresponding 
differences in the number of condensation nuclei that are available. The 
gaseous dispersion medium can also affect the degree of dispersion that is 
obtained in a given condensation, by becoming adsorbed upon the surfaces of 
the newly formed particles, so that their further growth is inhibited and an 
aerosol possessing a high degree of dispersion, and also a high degree of 
stability, is produced. 

The study of the condensation of metal vapors in vacuo and in various 
gases shows that the degree of dispersion of the condensate is higher, the 
greater the pressure and density of the gas. The more numerous the gas mole- 
cules and the heavier they are, the more likely they are to become adsorbed 
upon the surface of the newly formed particles.* 

Other condensation processes ——Aerosols are often produced by methods 
in which condensation forms the last and least obvious stage of a more com- 
plex process. 

When two gases—e.g., NH; and HCl—interact, one or both of the products 
of the reaction may possess a very much lower vapor pressure than either 
of the reactants. The system will thus become supersaturated with respect to 
the relatively non-volatile resultant, so that a part of it will condense to form 
a disperse system. Since gases are molecularly disperse systems, we may 
assume that, in the first stages of the reaction, the resultant will be produced 
in a molecularly disperse condition. This high initial degree of dispersion will 
rapidly become lower, owing to the growth of these particles, either by the 
condensation of further quantities of vapor upon them or by the formation of 
aggregates by coalescence or flocculation. 

The extent to which the initially high degree of dispersion of sucha system 
diminishes, and the rate at which this occurs, will depend, céteris paribus 
upon the initial concentration of the reacting gases, and the difference between 
the amount of the resultant that is produced per unit volume in the reaction 
and the actual concentration at which it can exist in the vapor phase. 

If the gases react immediately they are brought into contact with one 


* The kinetic motion is less with heavier particles. J. A. 
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another—e.g., NH; and HCl—then the formation and precipitation of the 
reaction product occurs at the surface of contact of the two gases, and only 
spreads as the gases mingle (surface condensation). This form of reaction 
necessarily produces an aerosol of a lower and more uneven degree of dis- 
persion. 

If, however, the gases can be mixed completely before they react—for 
example, photochemical reactions, in which reaction is catalyzed by light (e.g., 
HS and SO,)—then precipitation takes place in and from a homogeneous 
“medium, and a uniform aerosol results (volume condensation). 

Other typical condensation processes may be summarized as follows: 

(a) A salt, introduced into a Bunsen flame, vaporizes in the hot gases of 
the flame. The mixture of hot gases and salt vapor is cooled by mixing with 
the surrounding air, and the vapor is condensed. Similarly, when an arc is 
formed between two metal electrodes, metal vapor is formed, and, mixing 
with the surrounding air or gas, becomes diluted and cooled, and condenses in 
the form of smoke. The character of the aerosol produced can be modified, 
according to the nature and pressure of the gas that is used. 

(b) When a volatile solid—e.g., NH,Cl—is heated sufficiently, it vola- 
tilizes ; the vapor mixes with cold air, and condenses to form a smoke. 

(c) When a current of air passes over or through a hot solid or liquid 
that is only slightly volatile, the air becomes heated and saturated with vapor 
at the temperature of contact. A part of this vapor is precipitated as the air 
passes from the heated zone and cools. Such bodies as anthracene, acetanilide, 
diphenylamine, orthophthalic acid, paraffin wax, readily produce highly dis- 
perse smokes by this method. Other substances, such as benzyl benzoate, or 
clean mercury, produce either a coarse cloud or no detectable smoke. 

(d) A hygroscopic substance does not fume in moist air at a given tem- 
perature—for example, the ordinary room temperature—unless either it, or 
one of the products of hydrolysis, possesses a considerable vapor tension at 
the given temperature. HCl, Al,Cl,, SnCl,, fume in moist air at the ordinary 
temperature, but CaCl, and H.SO, do not. The fume is produced by the 
condensation of atmospheric water vapor upon the hygroscopic vapor molecules. 


Tue DEGREE OF DISPERSION OF AEROSOLS 


When an aerosol is formed by the condensation of a vapor, its degree of 
dispersion at the moment of formation is exceedingly high, closely approach- 
ing that of the vapor itself. This primary degree of dispersion depends upon 
the concentration of the initial gas or vapor, the degree of supersaturation 
from which it condensed, the character of any non-condensing gas that is 
present, the extent to which the gas is nucleated and the character of these 
nuclei (Barus). It has been shown that a high primary degree of dispersion 
is produced when a slightly supersaturated vapor condenses in a dense gas at 
high pressure and that contains a large number of suitable nuclei. This 
primary degree of dispersion gradually diminishes as the particles collide with 
one another and coalesce. The rate at which this change takes place depends 
primarily upon the collision frequency of the particles. For a given degree of 
dispersion, this will clearly be proportional to the number of the particles that 
are present in unit volume, and the pressure and temperature of the gas. The 
degradation of the aerosol will be hastened by increasing the number of 
particles per unit volume—i.e., the concentration—or by raising the tempera- 
ture or reducing the pressure of the gas. As the high primary degree of 
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dispersion is succeeded by the lower secondary degree of dispersion, the par- 
ticles will become less numerous, and will move more and more sluggishly. 
Consequently, the aerosol, as it becomes coarser, gradually destroys, or, at any 
rate, diminishes, the very forces that promote its degradation. Ultimately, a 
point is reached at which the particles are relatively so few or so sluggish in 
their movements that the chance of collision, and, therefore, of coalescence, 
occurring is exceedingly small. Then, a relatively stable secondary degree of 
dispersion is attained, and further change occurs comparatively slowly. 

The degree of dispersion of aerosols has been determined : 

(a) By observing with an ultramicroscope the amplitude of the Brownian 
motion (4), and substituting in the general equation 


Neg t 
"= W* 3a (3) 
Since r varies as the square of A, the accuracy of the method is not very 


high. 
(b) By observing the velocity (V) that is imparted to a charged particle 
by an electric field of X volts per centimeter. 


WENGE 
Gr’ (4) 
where e¢ is the charge on the particle. 
Putting ace == 5o Oe 
ees 4.65 X 107° 
= a ; 


The most satisfactory application of this method is that devised by Wells 
and Gerke.* They photographed the regular zigzag paths that are traced by 
the particles under the simultaneous influence of convection currents and an 
alternating electric field. The amplitude of these oscillations is an accurate 
measure of the distance that is traced by the corresponding particle in a 
definite, small interval of time under the influence of the known electrical 
force. A great advantage of this method is that particles of different sizes can 
be measured simultaneously. Also, it is possible in this way to determine the 
range and distribution of the sizes of the particles forming a given aerosol at 
a given moment of time. Individual particles have been weighed by applying 
a vertical electrical force to the particle, thus imparting to it a velocity greatly 
in excess of either its gravitational or Brownian movements. The mass of the 
particle is obtained by applying Stokes’ law to the difference between the 
observed upward and downward velocities of the particle. 

(c) By determining the concentration of the disperse phase and dividing 
it by the number of particles, previously determined by direct observation with 
an ultramicroscope.° This gives an accurate estimate of the average mass of 
a particle, and, assuming its density to be identical with that of the undis- 
persed substance, it is possible to obtain a value for the radius of the particle 
By this method, it is possible, also, to trace the gradual growth of the particles 
of flocculation or coalescence. 

In the following Tables, I, II, and III, are shown, at different intervals of 
time, (1) the number of particles, (II) the concentration of the disperse phase 
and (III) the average mass of the particles, of a zinc oxide smoke.5 Sle 
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TABLE I 
Zinc OxipE Croup. Numser Curve 
Time Particles Time Particles Time Particles 
ht in, per c.c. hems per c.c. h. m. per c.c. 
(Dg gh ios ed eae 4.54 X 10° [ten eee 1.68 X 10° Paar epee st 45 0.88 X 10° 
Om 26 ea .. 2) 2.99 : 1°53) Ath ee 1.42 2549 VT ae 0.77 
(t) A Hoenn 2.89 APE Ge sashes 1.31 2-4 5 steiner. 0.69 
Oia Ee ees 2.09 p apsts pee Get 15 AEE Rockettes 0.56 
() SSR eee 2.25 2228 5.05 yen 0.91 FOS ee tec 0.48 
Ue Zleescwns 1.68 Lip ye asst ee cay 0.81 4 16seReen ce 0.56 
Ee ra SS ee ae 1.65 CAr34 © Sater 0.92 
TABLE II 
Zinc Ox1pE Croup. MicroBALANCE CURVE 
Time Weight Time Weight 
h. m. (Megrm. per Litre) h m. (Merm. per Litre) 
Opge LO SR Beste) ear a 0.0172 BRAGS Att ekiet, aencnl eee 0.0124 
Ores Se eet at. on. 3 0.0187 Le OYA Hoc eeiG CLM 6.0081 
1 aac lctercheca arate ere 0.0171 be WIR OK CEO Bn eo 0.0079 
il). (SR sa aeamnereyerei 0.0141 A OO sc Hate tet eee 0.0076 
ZA WU UES pear ree cs my 0.0147 
TABLE III 
TABLE SHOWING THE AVERAGE WEIGHT OF A PARTICLE AT DIFFERENT PERIODS 
Time Average Weight Time Average Weight 
h. m. per Particle, Grm. h. m. per Particle, Grm. 
0 Aivatye Shee eaten 3.62 X 10% 3 hes or 
ON 30. Ree tae 6.60 3 16.4 
1 Ose Reeiraa de cist. « 8.37 4 16.9 
lle eR UR oa ba adio tester 9.82 4 16.9 
2 PR rere ee eas feral s 11.7 5 16.8 
ZUIO Se ee eer ee 13.6 


(d) By observing the optical properties of the system. These methods are 
fully described elsewhere. 


THe MovEMENTS OF THE PARTICLES 


The particles of an aerosol move under the influence of : 

(a) forces which originate independently of the gas—e.g., gravitation, 
centrifugal action, an electrical field ; 

(b) the molecular bombardment of the gas itself—that is, Brownian 
motion. 

The same forces, of course, are also exerted upon the gas molecules them- 
selves, but, owing to their much smaller mass, with very different results. 

It will be convenient at first to confine our attention to one external force— 
gravitation—remembering that, in its influence upon the motion of the particles, 
it is typical of all forces that operate externally to the gas. 

The velocity with which small spherical particles move through a uniformly 
viscous fluid (liquid or gas) under the influence of an external force—e.g., 
gravity, or, if the particles be charged, an electrical field—will be equal to 
a where F is the strength of the force, and K is the frictional resistance en- 
countered by the particle when passing through the gas.° For particles sus- 


Bye 4 
pended in air or any other fluid, the force due to gravity is equal to 30 (p —_ 
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o’)g, where 9 is the density of the particles, and 9’ is that of the fluid. The 
resistance K = 6nyrv, where y is the viscosity of the gas, r the radius of the 
particle, and v its velocity. 
The particle falls with increasing velocity, and, since K, the resistance with ~ 
which it meets, increases with the velocity, K ultimately becomes equal to F; 
the particle then falls with constant velocity V. ; 
At this point— 


6mnry = Tnr*(e—p")9, (5) 

so that v, the ultimate constant velocity of the particle, will be equal to 
CPS owl 0 1 6 
57 i : (6) 


For particles of a given substance falling in a given gas, (pe —p”) and y 
will have constant values, so that V will be directly proportional to r’. 

For cloud droplets sinking in air, (ge —’) can be regarded as equal to 
Lines Lol xX 10 “ces sunits,so.that 


VS I25e10 <r cnmpen second 
The relation r and V is shown in Table IV. 


LABEL 
Radius of Droplet, Rate of Fall, 
(r) Cm. (V) Cm. per Second 
LO Re cee ares 120 = 4.320 metres per hour 
10a set eee ee ore 1.2 = 43.2 metres per hour 
ING ice sentce Sight i hhh: Hea eRe CS 12 X 10° = 43.2 cms. per hour 
DO nie eta eter naar nce ote i Ee 12 X 10°= 4.32 mms. per hour 


Since both y and 9’ possess smaller values for gases than for liquids, the 
limiting velocity with which a given particle falls in a gas will be much greater 
than in a liquid. Thus, spherical particles of unit density and radius 0.4 uw 
settle in air at normal temperatures and pressures at the rate of 0.003 cm. per 
second. In water, they would only settle 0.003 cm. in three days. 

Non-spherical particles fall in the position in which they will encounter 
maximum resistance. Thus, a flat plate will fall in a horizontal position. 

Since the limiting velocity is inversely proportional to the viscosity of the 
gas, a given particle will fall approximately twice as quickly in hydrogen or 
water vapor (yj = 0.93. and 0.971 10+) .as in air (y= 19 X 10%), 

The apparent density of a particle may differ considerably from the normal 
density of the substance, owing to the presence of a film of adsorbed gas upon 
it. It would then fall with diminished velocity. : 

The mean free path of gas molecules at normal temperature and pressure 
is 10° cm. Consequently, particles of diameter less than 10° cm. will tend to 
slip between the molecules of the gas, so that the resistance exerted by the gas 
will be variable and will possess a relatively lower average value. It*has been 
shown by Cunningham and Millikan’ that, for such particles, 


v=v'(1+K2), (7) 


where V’ is the true velocity and ’’ the velocity according to Stokes’ law, A is 
the length of the mean free path of the gas molecules, and r is the radius of 
the particle. K is a constant, approximately equal to 0.86. 
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In liquids, the length of the mean free path of the molecules is of the order 
of the diameter of the molecules themselves. Consequently, this correction 
only becomes necessary for particles approaching molecular dimensions, In 
gases, the length of the mean free path of the molecules can be varied over a 
wide range by altering the pressure of the gas. In this way, the fall of rela- 
tively large particles can be observed microscopically under conditions which 
simulate those that obtain in more highly disperse colloidal systems. 

Millikan § investigated the behavior of charged oil droplets suspended in a 
gas, and exposed to the action of a vertical electric field.* By an ingenious 
contrivance, individual oil droplets could be introduced into an observation 
chamber formed between two parallel horizontal electrodes. The oil was 
sprayed in the form of a fine mist into a chamber situated above the upper 
electrode. The oil particles were found to be strongly charged by the spraying 
process. Individual particles found their way into the observation chamber 
through a pinhole in the upper electrode. By applying a force of some thou- 
sands of volts, the gravitational force upon a given particle could be balanced, 
so that, after falling through a given distance under gravity, the particle could 
be brought back to its original position and the fall repeated as many times 
as desired. It was thus possible to observe accurately the rate of fall of a given 
particle. By diminishing the pressure of the surrounding gas, the rate of fall 
of the particle for different values of 4 could be determined. 

The relation between V and V’’ for small oil drops, calculated from Milli- 
kan’s observations, is shown in the following table: 


TABLE V 
Stokes’s Law Stokes-Cunningham Law 
1x LO, 1.14 X 10% 
ee One Doe 10K 
1 X10 4.50 X 10° 
1x 107% 17.00 X 107% 


Brownian Movement. 


As the size of the particles becomes less than 10° cm., the molecular bom- 
bardment to which they are subjected by the gas molecules becomes more 
irregular and more effective. Instead of pursuing a direct course through the 
eas, undisturbed except by convection currents or other general movements 
of the gas itself, the particle now staggers about the gas in response to the 
successive impacts of the gas molecules. This Brownian motion is, of course, 
superimposed upon that due to gravity. As the size of the particle further 
diminishes, the influence of gravity becomes less, and that of molecular impact 
ereater, until the path of the particle resembles that described by a football in 
play, but on a playing-field in three dimensions! 

In Table VI, the velocity acquired by silver particles of different sizes 
under the influence (a) of gravitation, and (b) of molecular impact, are 
compared.° 

Ehrenhaft found that particles larger than the mean free spaces of the gas 
(1 < 10-5 cm.) fell in a zigzag line, the velocity due to gravitation being greater 
than that due to molecular impacts. With small particles down to 1 & 107 cm. 
(near the limit of visibility in the ultramicroscope), the velocity due to molec- 
ilar impacts is greater than that due to gravitation. These particles remain 
n active Brownian motion in the gas, the motion being increasingly rapid the 
smaller the particles. 

* See paper by R. A, Millikan, this volume, p. 174. J. A. 
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TABLE VI 
Velocity Due to Velocity Due to Radius of 
Gravitation Molecular Impacts Particles 
12 X 10° cm./sec. 6.3 X 10 cm./sec. 1X 107 cm 
Caine ac 28X10 Su eae 5 Xx 107 
ia ties Cad: 20% cme Toc10 ee 
LEC ots Se we BO X10 see 5 ee 
Pine 63% lose Be LXer # 
Six orteette mse 28 < 10 sie aee 5X 104 
1210s GEL” PAU e eas) Fs rai eet 


The mean kinetic energy of any particle in Brownian motion is equal to 
that of the molecules of the fluid in which the particle is suspended. At a 
given temperature, the kinetic energy of a particle of mass M, and velocity 

qi96%- MV? =K 
= dmv’, 


where K is a constant at a given temperature, and m and v are the mass and 
velocity, respectively, of the gas molecule. That is to say, the velocity of 
Brownian motion of any particle is inversely proportional to the square root 
of its mass. 

At a given temperature, this velocity is the same for any particle of given 
mass M, whether it be suspended in a gas or a liquid. 

At normal temperature and pressure, the mean free path of a molecule of 
a gas is some hundreds of times as long as that of a molecule of a liquid. 
Consequently, the length of the mean free path that is described by a particle 
between two consecutive impacts (the amplitude of Brownian motion) is very 
much greater in a gas than in a liquid. 

Consequently, the distance that a given particle travels in a given time in 
a gas is very much longer than that described by a similar particle in a liquid 
at the same temperature. The general effect of the greater amplitude of 
Brownian motion in gases, etc., is to delay settling and promote diffusion. 


Diffusion. 


A direct result of the Brownian motion of the particles is their ability to 
diffuse throughout the dispersion medium. 

The rate of diffusion (D) of smoke particles is related to the amplitude 
(A) of their Brownian motion by the expression *° D = 4A?/t. Combining 
this with equation (3), we get— 


Dado (8) 
Rito 
— aaa (9) 


; : : ; ; Rikee 
For a given dispersion medium and at a given temperature, D = —,—~i.¢., 
f, 


the smaller the particle, the more rapidly it will diffuse. : 
From this, we see that the finest smoke particles diffuse much more slowly 
than the molecules of a gas. It is, therefore, very much more difficult to 
filter smoke particles from a gas than to effect the removal of a gaseous con- 
stituent of a gas mixture by passing it through an adsorbent. During the 


passage of a gas-smoke mixture through a filter, only a small proportion of 
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the slowly diffusing smoke particles come into contact with the filtering sur- 
faces, whereas practically all the molecules of a gas will do so. This difference 
between the rate of diffusion of smoke and gas was a factor of first impor- 
tance in designing gas masks during the War. 

When a volume of gas containing smoke is discharged into the atmosphere 
—e.g., during a gas attack—the smoke reinforces the gas and holds it together, 
so that it retains its identity for a long time and can travel almost intact for a 
considerable distance, whereas a gas cloud alone would speedily diffuse in all 
‘directions and become dissipated. 


2 
Since D) — i— it follows that particles of any given size will diffuse very 


much more rapidly in a gas than in a liquid. In neither case, however, is the 
rate of diffusion sufficiently great sensibly to affect the stability of the system. 


Thermal Precipitation. 


When an electrically neutral particle, too large to exhibit Brownian motion, 
is suspended in a thermally and electrically uniform gas, the molecular bom- 
bardment will be uniform in all directions, and will produce no displacement 
of the particle. If, however, a thermal gradient be set up in the gas—for 
example, by introducing a hot rod into it—the gas molecules in the neighbor- 
hood of the rod become “warmed” and move more energetically than those 
more remote. Any such particle, therefore, suspended in the gas in the 
immediate vicinity of the rod, will be repelled from it. Smaller particles in 
Brownian motion will pursue a zigzag path away from the hot rod. The rod 
thus becomes surrounded by a region of warm, dust-free air, streaming 
upwards.*? 

A cold rod gives rise to a down-streaming current of more dusty air. In 
this case, the dust is deposited upon the rod as the warm, dusty air streams 
downward over its cold surface. 

Solid particles present in flames are deposited more easily upon a cold 
surface than upon a hot surface. A flame of burning magnesium will deposit 
magnesium oxide soot upon a cold flask held in the flame, but not upon a 
similar flask containing boiling water. 

In rooms that are heated by direct radiation—e.g., by an open fire—the 
walls and furniture of the room are warmer than the air. Consequently, the 
dust in the air remains in suspension. In rooms that are heated by convection 
—e.g., by steam-pipes or hot-water “radiators’”—the air is warmer than the 
objects in the room, and, therefore, deposits the suspended dust upon them. 
This dust deposition is very pronounced upon walls and ceilings above a 
radiator or lamp, and more particularly on those portions of the ceiling that 
are cooled by contact with air pockets between the rafters. 

Tolman has shown that tobacco smoke, passed between two concentric 
tubes maintained at a temperature difference of from 50° to 80° C., will be 
quantitatively deposited upon the cold surface. 


THE STABILITY OF AEROSOLS 


The stability of aerosols is commonly comparable with that of disperse 
systems in liquids. Atmospheric clouds and mists may persist for days in still 
air without being flocculated. Smoke will travel miles along flues without 
appreciable change ; it is only dissipated by becoming mixed with large volumes 


OL air. 
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Whytlaw Gray,’ working with smokes of NH,Cl, CuO, ZnO, and CdO, 
contained in a closed vessel, found that their life history could be separated 
into three periods: 


(a) An unstable period, lasting for five hours or more, during which the 
number of particles rapidly decreased with time, due to flocculation. The aver- 
age size of the particles gradually increased. 

(b) A stable period, in which the number of particles diminished slowly, 
due to settling. This stage lasted in some cases for 24 hours or more, even in 
a chamber of only 1 cubic meter capacity. 

(c) These two stages overlap, to produce an intermediate stage in which 
flocculation and settling both operate. 


We have seen that the stability of any aerosol depends primarily upon the 
degree of dispersion. The particles of highly disperse systems—smokes— 
tend, on account of their vigorous Brownian movement and the large number 
of them that are present per unit volume, to flocculate, until, owing to their 
increasing mass, their Brownian motion becomes so sluggish that further col- 
lisions become too infrequent to produce appreciable flocculation. The result- 
ing aggregates then settle slowly and persistently under the influence of 
gravitation. 

Clearly, the stability of an aerosol will be enhanced if the process of floccu- 
lation is arrested. This occurs when the particles are surrounded by films of 
adsorbed gas, or when the particles are all charged electrically with the same 
_ sign. 


Protection by Adsorbed Gas. 


Gases, being less “condensed” than liquids, are more readily adsorbed. 
The copious adsorption of gases by charcoal and by silica gel is a special 
instance of the general experience that a great variety of substances in a 
finely divided condition adsorb gases. 

When an adsorbent is brought into contact with a mixture of gases—e.g. 
the atmosphere—the most compressible gas (in this case, oxygen) is generally 
adsorbed the most strongly. Beyersdorfer ** has shown that, if 200 grs. lump 
sugar be ground up in a gas-tight mill for 24 hours, the pressure of the air 
in the mill is reduced to 23 mm., owing to the adsorption of air. The presence 
of adsorbed oxygen upon combustible dusts—e.g., sugar—is an important 
contributing factor in the production of dust explosions. The blue smoke 
from a brass foundry contains particles of zinc oxide dispersed in a mixture 
containing considerable amounts of SO, and water. It is a very stable smoke 
passing unchanged through wet coke scrubbers and other forms of washers. 
This is to be attributed to the protective effect of adsorbed gas. When the 
smoke is collected by filtration through woollen filters, the ZnO powder is 
exceedingly light (sp. gr. 0.2), and mobile. It flows and surges like a limpid 
liquid. In the same way, pulverized coal, rock dust (SiO,), and powders such 
as lampblack, contain relatively enormous volumes of adsorbed gas. It would 
be a matter of great interest and importance to investigate the adsorption of 
different gases by various finely divided solids, either by grinding the material 
in the gas contained in a gas-tight mill and analyzing the residual gas ne by 
heating the mixture of powder and adsorbed gas and determining rae eaten 
and composition of the gas that is set free. s 
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In the same way, finely divided liquid particles—e.g., H,SO, mist—be- 
come protected by adsorbed gas. 

The presence of adsorbed gas upon the particles of an aerosol interferes 
in some way with the precipitation (ionization) of the particles by a corona 
discharge. Such particles behave as though the gaseous ions that come into 
contact with them were unable to adhere. 

By choosing as the dispersion medium a gas that will be strongly adsorbed 
by the particles of the disperse phase, it should be possible in general to pre- 
pare aerosols of maximum stability. In general, a gas is adsorbed more 
readily, the higher its boiling point. For a given adsorbent and a given gas, 
the amount of adsorption is greater the higher the pressure of the gas and 
the lower the temperature. 

In reducing substances to a finely divided condition by grinding or spray- 
ing, the nature of the gas in which the preparation is carried out is probably 
a matter of first importance. 

In many industrial processes, the reverse process—that of removing such 
films of adsorbed gas, in order that flocculation or precipitation may occur— 
is frequently an urgently important matter.* It has been shown in some cases 
that such films can be displaced, and flocculation assisted, by changing the 
composition of the dispersion medium—for example, by the addition of water 
vapor. In some cases, particularly with liquid particles, the film can be dis- 
placed by a sufficiently intense mechanical impact. 

Unquestionably, a great deal of interesting and important work has yet 
to be done before we can apply this phenomenon successfully to the treatment 
of smokes. 


Electrical Charges. 


When a freshly formed smoke—e.g., tobacco smoke—is placed between two 
charged plates and examined under a microscope, some of the particles will be 
seen to be positively charged, some negatively, other neutral. When oppositely 
charged particles, or charged and uncharged particles, exist in the same 
aerosol, they will naturally attract one another and thus: promote flocculation, 
so that the degree of dispersion of the system will rapidly diminish, and it will 
reach a final degree of dispersion at which settling will set in. When, how- 
ever, the particles are all charged and with the same sign, they will naturally 
repel one another and so inhibit flocculation. Such a system will possess a 
considerably enhanced stability. 

An aerosol in which the particles are similarly charged is formed when 
substances like petroleum or sugar are dispersed mechanically in air, owing to 
the generation of electricity by friction between the particles and the spray- 
nozzle or mill at the moment of formation and separation. The accumulation 
in the air of inflammable dust, carrying static electrical charges, has been 
shown by Beyersdorfer to be a direct cause of dust explosions. 

Flocculation can be induced in such electrically charged systems by intro- 
ducing oppositely charged particles. Atmospheric clouds have been dispersed 
by scattering charged sand upon them. 

Aerosols differ from disperse systems in liquids: (1) in the greater extent 
to which the dispersion medium is adsorbed by the disperse phase, and (2) in 
the presence simultaneously of particles charged with opposite signs. 


* Gases adsorbed by ByO, powder delay its solution and often form bubbles that carry little 
umps to the surface. If wet with alcohol, the gas is displaced, and solution in hot water is rapid. 
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Flocculation. 


When crystalline particles—i.e., possessing definite polarity—free from 
adsorbed gas, come into contact, they will tend to form aggregates possessing 
a definite crystalline form. Amorphous particles, similarly, will produce 
aggregates of no definite form. 

Particles that are surrounded by a layer of adsorbed gas—e.g., one molecule 
thick—will still be able to attract one another, but will be unable to coalesce, 
unless the force with which they attract one another is sufficient to displace 
the gas film at the point of contact. Such particles will form fluffy aggregates, 
in which the individual particles will be separated from one another by the 
layers of gas—e.g., zinc oxide. If the force of attraction exerted by the 
particles is definitely polar in character, they will only be able to attract each 
other in certain directions. This will inevitably lead to the formation of 
string-like aggregates, much in the way that iron filings arrange themselves 
along a line of magnetic force. Such string-like aggregates were observed by 
Whytlaw Gray to be formed by particles of CdO and ZnO. Gradually, these 
thread-like aggregates unite to form a complex network, comparable to the gel 
that is formed by the coagulation of a sol. Such network aggregates may 
conveniently be regarded as aerogels. Familiar instances are the flocks of zinc 
oxide that are formed by the combustion of zinc vapor. 

Tolman ** has shown that the stability of an aerosol is rapidly destroyed 
by stirring or agitation, because the particles are brought into contact with 
the walls of the containing vessel, to which they adhere. 

He also found that, for a given degree of dispersion, the stability was 
diminished when the concentration was increased, for the particles then col- 
lided more frequently with each other and with the walls of the container. 


THE PHYSICAL AND CHEMICAL BEHAVIOR OF AEROSOLS 


An aerosol differs from other disperse systems in the great disparity that 
exists between the density and structure of the disperse phase and of the 
dispersion medium. The droplets of water in a cloud, for example, are more 
than eight hundred times as dense as the air in which they are suspended. 

A gas possesses a more open structure, and, therefore, a much lower 
viscosity, than a liquid. Its molecules move freely along paths that are much 
longer than those that obtain in liquids; consequently, a particle that is sus- 
pended in a gas can move through the gas under the influence of an external 
force—e.g., gravity—much more freely than through a liquid. Also, 
Brownian motion possesses a greater amplitude, and can be exhibited by larger 
particles than in a liquid, particularly when the mean free path of the gas mole- 
cules is increased further by reducing the pressure of the gas. 

The conditions under which physical equilibrium can exist between the two 
phases of any disperse system—and, therefore, the stability of the system— 
cannot be completely defined by the phase rule, owing to the effect of (a) the 
curvature of the surfaces of the particles, (b) the presence of adsorbed films 
upon the particles, or (c) the presence of electrical charges upon the par- 
ticles. These effects are more marked in aerosols again, because of the rela- 
tively low density and open structure of the dispersion medium. 

The character of a disperse system may be very unlike that of either of 
its constituents: a solid or liquid substance frequently exhibits profoundly 
different characteristics when it is reduced to a fine state of division. The 
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cute curvature of the particles increases its physical activity, so that it melts 
r dissolves or volatilizes more readily, and the enormously increased specific 
urface results in a greatly intensified chemical activity. 

_The physical properties of a body of gas are greatly modified by the 
resence in it of a highly dispersed solid or liquid: 

(a) It is denser and less mobile—The presence of a large number of 
articles that diffuse very slowly or not at all increases the density and checks 
he diffusion of the gas. A given volume of an aerosol will persist for a longer 
ime, and will move bodily through the atmosphere, for example, for much 
reater distances, before being disintegrated by diffusion. Smoke was used in 
his way to “carry” gas during the war. 

_ (b) Tt ts more sensitive to visible and thermal radiation.—A gas is almost 
ompletely transparent to optical or thermal radiation. An aerosol is less trans- 
arent, and will adsorb or reflect radiation or will re-radiate it to an extent 
hat will depend upon the specific optical properties of the dispersed substance, 
nd also upon its concentration and degree of dispersion. 

Dusty air is more sensitive to thermal changes than dust-free air. It is 
varmed more rapidly by sunshine, owing to the adsorption of heat by the 
lust particles. It cools more rapidly when the sun goes down, because the 
lust particles radiate heat towards the sky. The production of smoke screens 
n warfare, and the prevention of frost in orchards by the use of “smudge 
ots,” depend upon the capacity of smoke to adsorb light and reflect heat, 
espectively.* A flame is an aerosol. When it is luminous, it is because of 
he radiation that is emitted by the solid particles—generally, of carbon— 
hat are dispersed throughout the hot gases. An almost completely gaseous 
lame—e.g., a Bunsen burner flame—is practically non-luminous and radiates 
ery little heat. 

(c) An aerosol has a greater specific heat——The increased specific heat of 
urnace gases, due to the presence of particles of smoke and ore, assumes im- 
ortance in some metallurgical calculations. 

(d) Its electrical character is altered—The degree of ionization of the gas 
; diminished at first, as the charges are rapidly transferred from the gas 
1olecules to the particles of the disperse phase, where they either neutralize 
ne another, or persist, to form slow-moving smoke ions of relatively large 
aass. After this, the degree of ionization will diminish very slowly, since the 
requency of impact between these sluggish smoke ions is relatively very low. 

The conductivity of the gas is lowered, since the rate of re-combination of 
1e more rapidly moving gaseous ions is increased, and the more stable smoke 
ms possess but feeble mobility. It is possible to watch for a comparatively 
ng time the movements of these relatively stable smoke ions in an electrical 
eld, and thus to picture something of the character of the incredibly swifter 
lovements of gaseous ions themselves. 

A charged particle suspended in a gas can be induced to move in any given 
irection by applying a suitable electrostatic force. It is possible to make the 
article move vertically upwards with a force that just balances the force 
ue to gravity, or that may be greater or less than it. By this means, the 
iovements of particles in a gas under definite conditions of temperature and 
ressure can be controlled, and, since the movement due to the electrostatic 
ld is proportional to the charge carried by the particle, while the movement 
ue to gravity is proportional to the mass of the particle, it is possible, by 


*See J. Alexander, Science; “Colloid Chemistry,” 2nd ed., p. 67. Brick works in northern 
weden prevent freezing on cold nights of spring and fall by causing their peat fires to smoke from 
:k of sufficient air. ; 
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choosing suitable conditions, to determine either (a) the amount of charge 
carried by a given particle, (b) the mass of a given particle, or (c) the mag- 
nitude of its Brownian movement. 


INDUSTRIAL AEROSOLS 


The production of an aerosol is a familiar consequence of many industrial 
operations. The disperse medium of such an aerosol may be either the atmos- 
phere (e.g., the dusty atmosphere of mines and mills), flue gases from a 
furnace (e.g., metallurgical fume and sulphuric acid mist), or fuel gases (e.g., 
blast furnace gas and producer gas). 

It is convenient to distinguish between three kinds of industrial aerosols 
according to the size of the suspended particles (the degree of dispersion). 

(a) Dusts, in which the particles are larger than 10°* cm. diameter. Such 
particles settle in still air with increasing velocity. They do not diffuse. 

(b) Clouds, the particles of which range in diameter from 10°° to 10°° cm. 
Such particles settle in still air at a constant velocity, depending upon their 
size, according to Stokes’ law. They, aiso, do not diffuse. 

(c) Smokes, the particles of which range from 10° to 107 cm. diameter. 
Such particles are in active Brownian motion, and diffuse fairly rapidly. They 
do not settle at all in still air. 

The degree of dispersion of a number of industrial dusts, clouds and 
smokes is shown in Table VII. 


TABLE VII 

Substance Diameter of Particles, Cm. 
Milk powder (by evaporation of fine spray)........... LAX 10m ton 0: fan One 
Fine powder (300 mesh)—e.g., cement ................ LORS 1Or ton 0\ 7a Ome 
Siielter FUMenns Mee ee er eee RODS Ostom tO earl Ome 
Atmospheric opeparticles momma cierto ae 1.4 X 10° to 3.5 X 10% 
Gement; kilnéfluepdtist. sane) ait sate Ee ee 6.0 X 10° to 0.8 K 10% 
BESO), srablege Mpwoyem COME SNNRMIONS., Govan bb acc acccecaevce Lie One tom Gen Ome 
INNS IE hts ean ARE ronaerembr sch cn onra aes LOX 10 to 10K 10s 
OT SOLO recy ore sins tictacersVaweie ate ee rare sees Meee eae VOX 108 tor 5.0 510 
ROSINGSMOKE |. Ls thoes cetne ete eee eae eee eee LOR 10} ton OSGAOe 
Tobacco SMOKE Wiis stick blac ee ie eat oe ee Loex<108 to LOpa10ns 


These industrially important aerosols are formed either— 

(1) By the condensation of vapors of metals (mercury, silver, copper, 
lead, zinc, arsenic, antimony), or of metallic compounds (oxides, sulphates 
chlorides), that are formed in the hottest parts of the smelting furnace and 
condense in the fume after it leaves the furnace, or by the condensation of 
non-metallic vapors—for example, of tar vapors in producer gas. 

(2) By chemical action between metallic vapors and the furnace gases 
(oxygen, chlorine, sulphur trioxide), to form compounds that are not volatile 
at the temperature of the furnace—e.g., SnO, from a tin-smelting furnace 
or ZnO fume from a brass foundry—or that are volatile at the furnace tem- 
perature, but condense as the fume passes away and cools—e.g., chloride 
vapors from a chloridizing roast, and As,O, from an oxidizing roast. 

(3) By mechanical disintegration and dispersion of solid or liquid sub- 
stances—e.g., ore dust carried over from a furnace; the dust in the air of 
grinding mills and mines. 

In many cases, substances are manufactured in powder form by being 
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dispersed in a gas and subsequently collected—for example, milk powder, 
carbon black, zine dust. 

For a variety of reasons, it is frequently necessary either to prevent the 
formation of such aerosols, or, once they are formed, to separate the particles 
of the disperse phase from the dispersion medium. Thus: 


(a) The dust may be dangerous to the workers.—It may be directly in- 

jurious—e.g., some dusts are directly poisonous when they are inhaled by the 
workers. In many grinding mills and packing rooms, the dust—e.g., siliceous 
material—when inhaled by the workers, would be directly harmful to their 
lungs. 
It may be explosive, and at any moment become ignited, with disastrous 
consequences. In many mills in which combustible substances such as flour, 
starch, sugar, coal, are ground, fine particles are caught up into the air, and, 
unless the air is circulated and filtered continually, the concentration of sus- 
pended dust may reach the explosive limit. 

(b) lt may be obnoxious—Smelter fumes and acid fumes containing 
dust and acid particles may constitute a serious public nuisance. In most 
countries, stringent regulations are in force to restrict the content of the dis- 
perse phase to within a very small limit. 

(c) It may impair the quality of the gas (e.g., producer gas or blast- 
furnace gas that is to be used in gas engines), or of some product that is 
made in contact with the gas—There are many manufacturing processes— 
e.g., textiles, photographic films, gas mantles—that must be carried out in 
dust-free air. Air compressors and air-cooled turbo-generators must be sup- 
plied with cool, dust-free air; otherwise, dust collects in the air passages or 
on the windings, impairing the cooling efficiency and causing a risk of break- 
down due to possible short-circuiting. 

(d) It may be too valuable to waste—Smelter fumes, particles from 
copper, silver, tin, arsenic and mercury furnaces, contain suspended matter 
worth many times more than the cost of recovery. 


Sometimes it is possible to prevent the distribution of dust in the atmos- 
phere in the neighborhood of grinding mills by keeping the work wet. In 
most cases, however, it is not possible to prevent the formation of an aerosol, 
and the particles of the disperse phase have to be removed by some means from 
the gas in which they are suspended. 

The method to be adopted for the purification of a particular metallurgical 
smoke will depend very much upon the character of the gases, their tem- 
perature, volume and composition, the nature of the suspended matter, its 
physical and chemical composition and economic value, and the immediate 
destination of the purified gases, whether to be used for power purposes or 
to be discharged into the air. 

All smoke-treating or dust-recovery processes should be continuous in 
action, and should offer as little resistance as possible to the passage of the 
smoke. One of the inherent difficulties associated with the filtration of 
smelter smoke is the enormous volume of smoke that has to be treated; fre- 
quently as much as a million cubic feet of smoke has to be treated per minute, 
from twenty to thirty tons of material being recovered per day. It is a 
matter of first importance, therefore, that any process of filtration or con- 
densation be rapid; otherwise, the dimensions of the plant will be prohibi- 
tively large. 
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Separation by Settling. 


With relatively coarse particles, advantage is taken of their readiness to 
settle out of the gas by gravity. The efficiency of any settling process rapidly 
becomes less as the degree of dispersion increases; it is only of practical 
importance where the diameter of the dust particles exceeds 10% cm. The 
efficiency of any settling process is increased: 


(1) By retarding the rate at which the gas is travelling, so that the 
particle remains for a longer time in the settling chamber. 

(2) By reducing the distance through which the particles fall, generally 
by dividing the settling chamber into a number of superimposed, shallow, 
horizontal compartments by means of horizontal partitions spaced a few 
inches apart. 

(3) By submitting the fume to centrifugal force, either by causing it to 
enter tangentially a fixed cylindrical vessel—the so-called “cyclone” dust- 
catcher—or by introducing the fume actually into a rapidly rotating cylindrical 
vessel. In many cases the fume is subjected repeatedly to centrifugal force 
by suddenly changing its direction, as, for example, by causing it to travel 
along a zigzag flue. A similar sudden change of direction is obtained when 
the fume is passed through a series of parallel perforated plates, arranged 
one behind the other, so that the perforations in each plate are in staggered 
relation to those in the next. 

(4) By loading the particles with water. Generally this is accomplished 
by cooling the fume below its dewpoint, so that water vapor condenses upon 
the particles. The fume may be cooled by passing it through a sheet-iron flue 
that is exposed to the atmosphere, or by causing it to expand adiabatically 
in a large settling chamber, where the deposition of moisture upon the sus- 
pended particles reinforces the increased settling efficiency that results from 
the diminished velocity. 

(5) By bringing the fume into contact with solid surfaces—for example, 
strips or sheets of iron suspended in the flue. Dust and smoke particles are 
deposited upon these surfaces to an extent that is proportional to the area 
of the surfaces. 

There is no doubt that the efficiency of a settling process can be increased 
greatly by submitting the fume to preliminary flocculation, so that the size 
of the particles is greatly increased. So far, the mechanism of this process 
is yet to be worked out, but, in many cases, it would seem that suitable floc- 
culating agents could be added to the fume, and thus reduce the degree of 
dispersion to such an extent that settling would be greatly accelerated. 


Separation by Filtration. 


Considerable attention has been directed, particularly in Germany and the 
United States of America, to the dry filtration of metallurgical smoke. Owing 
to the enormous volume of smoke to be handled and the low permeability 
of an effective filtering medium, the filtering area has to be very great. Large 
fans are necessary to draw or drive the gases through the filters. In most 
cases, also, the filtering material is an animal or vegetable fiber, and will 
char or catch fire unless the gases are cooled. 

Some of the earliest filters were simply towers filled with dry coke. They 
soon became choked and were troublesome to clean. They have been super- 
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seded by bag filters. The bags are made of wool or cotton, and sometimes 
asbestos. The smoke is drawn through the walls of the bag, the dust being 
collected on the surface of the fabric. To remove the dust, the bags are 
shaken or beaten periodically, or treated with compressed air. The gases 
must be cooled below 90° C. for cotton, and below 120° C. for wool; other- 
wise the bags are charred. On the other hand, the temperature of the gases 
must not fall below the dewpoint of the smoke (50° C.) or the acid will con- 
dense on the fabric and rot it. 

Bag filtering is really a special form of separation by surface contact. 
The filter does not behave altogether as a fine sieve, for the interstices of 
the fabric are much larger than the smoke particles. The particles are first 
deposited on the fibers, and gradually built up until the bags become choked. 
Wool is found to be about 50 per cent more efficient than cotton, possibly 
on account of the scaly surface of its fibers. Also, it is much more durable, 
although initially it is considerably more expensive. Camel’s hair has: been 
used of recent years, and is said to be even better than wool. From 3 to 
4 square feet of filtering area are necessary per cubic foot of gas per minute— 
0.5 square foot, if the bags are cleaned mechanically. 

The danger of rotting the fabric with acid gases is sometimes avoided 
by neutralizing the gases with lime or zinc oxide dust before being filtered. 
The life of a bag will depend very much upon the kind of dust for which 
it is used; the sharp dust particles from grinding and buffing shops, for in- 
stance, cut the bag and quickly wear it out. 

Bag filters are generally less expensive than a washing plant to construct 
and maintain. They have the additional advantage that they collect the ma- 
terial in a dry state. Their application is limited, however, by the difficulty 
of obtaining a sufficiently resisting fabric. Also, the power required to draw 
such large volumes of gases through the bags is very large, particularly 
when the bags become choked with dust. Asbestos bags and screens are ex- 
pensive, and become brittle when exposed to hot acid gases. By means of 
a bag-filtering plant, the dust content of blast furnace gas at 50° C. can be 
reduced to from 0.01 to 0.001 gram per cubic meter. Bags last from six 
to twelve months, and the power expended amounts to 1 h.p. per 10,000 cubic 
feet. For ordinary bag filters, without mechanical cleaning, 1 h.p. is con- 
sumed per 3,000 cubic feet of fume. 

In some blast furnaces the gases are filtered by passing them through 
filter mattresses, consisting of metal framework packed with metallic wool. 
The gas passes in succession through a number of such filters, the texture 
of the filters becoming progressively finer the more remote they are from 
the gas-inlet. By this means, the dust content of blast furnace gas can be 
reduced to 0.5 gram per cubic meter. In some cases, dusty gases or smokes 
are filtered through loose granular materials, such as sand. It has also been 
proposed to use froths and foams in a similar way. 


Separation by Washing. 


Many methods have been devised for removing particles from gases by 
bringing them into contact with water. The aerosol is either driven against 
a water surface, bubbled through water with violent agitation, drawn or driven 
through a scrubbing tower against a stream of water, or treated with fine water 
sprays. (spor (rel 

It is difficult to clean a gas efficiently with water. In the first place, it is 
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difficult to make certain that every particle in the gas will come into contact 
with the water. The intimacy of contact between the aerosol and the water, 
and, therefore, the efficiency of the washing process, can be improved by in- 
creasing the area of the water that is exposed to the gas. The most efficient 
way of accomplishing this is to pass the aerosol upwards through an absorp- 
tion tower filled with coke, gravel, slag wool, etc., against a descending stream 
of water. In this arrangement there is a contest between wetting efficiency 
and power consumption. If the packing of the tower is coarse enough to 
allow the gas to pass freely, the particles are not effectively wetted. If the 
packing is fine enough to bring about intimate contact between the suspended 
particles and the water, the power consumption is greater, and the spaces 
between the packing soon become clogged and require frequent cleaning. 

Even when complete contact is possible, it does not necessarily follow 
that the particles will be wetted by the water. Generally speaking, wetting 
is more easily obtained the lower the interfacial tension is between the particles 
and the water. Possibly, in some cases, soap solutions would be more effec- 
tive than water. 

Some smoke particles are extremely difficult to wet. The blue zinc oxide 
smoke from a brass foundry, which is generally diluted with a considerable 
quantity of air, will pass right through an absorption tower packed with wet 
coke practically unaffected. This is conceivably due to the presence round 
each particle of an adsorbed film of gas (air). 

The difficulty of wetting smoke particles can be overcome by humidifying 
the hot gases with water sprays or waste steam to such an extent that, when 
they are subsequently cooled (for example, by expanding into a large settling 
chamber, or by passing through a surface condenser), the excess water vapor 
will condense upon the particles and carry them down with it. Jn many 
cases the amount of water vapor originally present in the gas will be sufficient 
to supersaturate it when it is cooled below 50° C. 

Sulphur trioxide mist is difficult to catch with water or weak acid, but 
can be caught readily with sulphuric acid. The mist is more stable and diffi- 
cult to catch, the more quickly the SO, gas has been cooled. It is probable 
that each SOs particle is protected by an adsorbed gas film. In a mist formed 
by quick cooling the particles will be smaller, and, therefore, the gas film will 
be relatively thicker. Apparently, this gas film is readily displaced by H,SOu,, 
although not by water. 

In addition to the relatively high power consumption required for thorough 
gas washing, the process is often costly and troublesome in practice, owing 
to the acid gases in the fume. This necessitates the use of expensive acid- 
resisting plant. 

For certain processes in which the volume of gas is relatively small, wash- 
ing processes are economically practicable and are well established. They 
are used successfully with coal gas, producer gas, and for the small propor- 
tion of iron blast-furnace gas which is used for gas engines. 


Separation by Electrostatic Precipitation. 


During the last twenty years the Lodge-Cottrell process of electrostatic 
precipitation has been applied to a variety of dusty smokes and fumes. 

The electrostatic precipitation of smoke is possible with either alternating 
or direct current. When a smoke is subjected to a high-voltage alternating 
current discharge the gas is ionized, and the smoke particles become elec- 


AEROSOLS 417 


trically charged by the adsorption of ions from the gas. Owing to the rapidly 
alternating polarity of the particles, they agglomerate to form large flakes. If 
the gas is still, or moving very slowly, these flakes will settle. To obtain 
effective precipitation with an alternating current, it is necessary to have the 
electrodes very close, and the gas path long, and the gas velocity low. 

In practically all industrial problems, however, we have to deal with very 
large volumes of gas, necessarily travelling at a considerable velocity along 
flues. In these circumstances it is found that direct current is vastly more 
effective, since it drives the suspended particles to the surface of the depositing 
electrode. 

When a highly charged wire is fixed opposite to a flat plate at some 
distance from it, the intervening air space becomes highly charged with elec- 
tricity of the same sign as the wire, whether it be positive or negative. The 
intensity of the field between the wire and the plate varies inversely as the 
distance from the wire. Of the gas ions or charged particles originally 
present in the air space, some will be attracted by the wire. As they approach 
the wire their velocity will increase rapidly, owing to the increasing strength 
of the field, and if the voltage be high enough, their velocity will be so 
great that they will ionize the intervening gas and the wire itself by the force 
of their collision with the molecules of the gas and the wire. 

In general the wire is negatively charged, so that it is the positively 
charged ions originally present in the gas that produce this ionization by 
collision. The negative ions so formed are repelled from the wire, and travel 
rapidly towards the plate. Any gas molecules or smoke particles present 
in this intervening space become charged by these ions, and are, therefore, 
driven by electric force towards the plate. The suspended particles are also 
driven mechanically by the rush of ions from wire to plate. 

This process is described fully elsewhere in this book. 


Dust EXPLosIONS 


When a combustible substance—e.g., sugar, coal, petroleum—is dispersed 
in air, it will, under certain conditions, burn with explosive violence exactly 
like a mixture of air and a combustible gas or vapor. An aerosol necessarily 
has a coarser structure and a higher specific heat than a gas mixture. It 
will, therefore, ignite less readily and propagate a flame less rapidly than a 
gas mixture. On the other hand, the quantities of heat and gas that are 
liberated by the combustion of a unit volume of an aerosol are frequently 
greater than those that are produced in an explosive gas reaction. It is not 
surprising, therefore, that dust explosions are frequently as violent and 
destructive as gas explosions. 

The combustion of an aerosol takes place in at least two stages: first, the 
ignition of the dust at some point, and then the propagation of the flame 
through the aerosol. Whether the dust particles will ignite depends neces- 
sarily upon their nature, and the temperature to which they are raised. When 
some of the dust becomes ignited it produces heat; this heat, except for 
that which is lost by radiation, will, by conduction, raise the temperature 
of the aerosol in its immediate vicinity. In favorable circumstances the tem- 
perature of the adjacent gas will be raised to its ignition point, and the dust 
will ignite. “Once initiated, the flame will then spread rapidly through the 
gas. Where combustion occurs, the gas will expand suddenly and exert a 
pressure upon the layer of gas adjacent to it that will facilitate ignition, A 
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compression wave will travel through the gas with the velocity of sound, In 
some cases the magnitude of this compression is sufficient to ignite the mix- 
ture. The aerosol will then detonate. ; ; 

The explosive properties of a large number of dusts have been investigated 
systematically by Wheeler, Taffanel, Dixon, Price, Beyersdorfer and others. 
They have traced very clearly and completely the relations that exist between 
the explosive possibilities of different dusts and their chemical nature and 
physical condition. 

When combustion is initiated at any point, a quantity of heat is liberated 
at a certain rate. Some of this heat is lost by radiation, but most of it be- 
comes available for heating the adjacent layer of aerosol. Clearly, the maxi- 
mum heating effect that can be produced will depend upon the quantity of 
heat that is made available per second, and the specific heat of the adjacent 
layer of aerosol. Anything which diminishes or retards the production of 
heat by the burning particles, or which increases the specific heat of the 
adjacent layer of aerosol, will tend to inhibit the propagation of the flame. 
The heat produced by different substances varies according to their heat of 
combustion. Sugar, petroleum, starch, flour, coal, produce far more than 
oil-cake, wheat offal, leather dust. 

For a given substance, the quantity of heat will be greater the lower its 
content of incombustible matter (ash), and the higher its concentration per 
unit volume of aerosol, provided that the amount of oxygen present is just 
sufficient for complete combustion. The heat will be produced more rapidly 
the higher the degree of dispersion of the dust. If the particles be damp, 
some of the heat of combustion will be absorbed in evaporating this water, 
and, therefore, less will be available to warm the adjacent layer of aerosol. 

The heat capacity of the aerosol will be increased by the presence of 
(a) inert gas or dust, (b) an excess of the reacting gas or dust, since this 
excess will necessarily be inactive, (c) water droplets or vapor. 

The most reactive conditions are obtained when the substance of the 
disperse phase is readily inflammable and possesses a high heat of combus- 
tion, when the reacting substances are present in their combining propor- 
tions, when the aerosol is dry, free from inert impurities and possesses a 
high degree of dispersion. The practical problem, however, is not to pro- 
duce dust’ explosions but to prevent them. The best method of prevention 
is to prevent the formation of aerosols or of aerogels (that are formed where 
dust accumulates on walls, rafters and floors). This is generally done either 
by keeping the work damp, so that the dust cannot “rise,” or by drawing it 
away by suction fans as it is formed—it is then discharged through a shaft 
or collected in bag filters or other suitable device. Where the formation 
of the aerosol or aerogel cannot be. avoided—for example, in coal mines, 
and in certain factories and mills—the aerogel can be rendered non- 
inflammable by diluting it with an inert gas—e.g., flue gases—an inert dust— 
e.g., slate dust or precipitated chalk—or by keeping the dusty atmosphere 
moist with water vapor or sprays. None of these precautions would be nec- 
essary if all risk of ignition could be eliminated. This has been attempted, 
but, all too frequently, the dust has been ignited by a broken electric lamp, 
or a flash from a cut-out switch, or a bearing has seized and become heated 
above the ignition point of the dust, with disastrous consequences. 

In some cases it has been shown that the particles of the disperse phase 
become electrically charged by friction at the moment of their formation, 
and that these charges can accumulate sufficiently to produce a spark dis- 
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charge that is able to ignite the aerosol. This has been shown by Price to 
be a frequent cause of explosions in threshing machines and in attrition mills. 
Beyersdorfer has worked out very thoroughly the application of this theory 
to the explosion of sugar dust. Incidentally, he has suggested that the de- 
struction of Sodom and Gomorrah by a rain “of brimstone and fire” can be 
attributed to a charged mist of petroleum formed in the Caucasus by the out- 
burst of an oil spring, and carried southwards to the cities of the plain. 
There it reached the isoelectric point, flocculated, and was precipitated as 
rain and became ignited by lightning. Similar self-ignited oil-clouds are a 
familiar phenomenon in the Caucasus. 
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Atmospheric Nucleation 
Pror, Cart Barus, Brown University, Providence, R. I. 


1. Mr. John Aitken,! who pioneered the meteorology of “dust” as he called 
it, to a point of formidable importance, described two forms of apparatus for 
measuring the dust content of atmospheric air. One is the well known dust 
counter, in which the number of particles precipitated on a plate from a 
definite volume of samples of moistened air, by sudden expansion, are directly 
counted under a lens. It has been widely used, is portable, catches all par- 
ticles from Aitken’s point of view, and its trustworthiness is assured by the 
consistency of the results obtained by means of it. The other, called the 
Koniscope, takes advantage of the axial colors of cloudy condensation. Its 
scope is limited, the color scale vague and not easily understood. It is with 
the first apparatus that Aitken furnished the original proof that nuclei are 
necessary for condensation even in supersaturated vapor and that Aitken and 
others conducted their varied experiments of the nucleation on mountain and 
in valley, which it is not necessary to discuss here. 

2. These decisive experimental results are in complete conformity with 
the famous paper of Lord Kelvin,? published as long ago as 1870, in which 
the vapor pressure at any curved surface is fully determined (vapor pressure 
excess, Ap = 2pyT /peR, where pv, pe are the densities of vapor and liquid, T 
the surface tension and F the radius of the drop). It seemed therefore that 
the subject might be regarded as finished from a theoretical viewpoint and 
that statistical information only was henceforth to be expected. Nevertheless 
the failure of Assmann * (1885) in a microscopic search (up to 3 X 10°° cm.) 
for the nuclei of evaporated drops, the absence of a nucleation increment ade- 
quately equivalent to the triturated dust content of air (Wigand, 1912), the 
fact that the distance of distinct visibility for a given nucleation varied in- 
versely as the dampness of the air (Wegener, 1910) and similar data which 
gradually accumulated—all these indicated that the presence of mere dust does 
not adequately account for the observed phenomena. The powerful nucleators 
are bodies which produce highly dispersed, hygroscopic or at least soluble, 
products. This is the case preéminently with the emanations of phosphorus,* 
and with the sulphur flame (SO,) or even with hot melted sulphur. An 
ordinary flame, apart from its own contributions, volatilizes the salt and other 
floating particles entrapped. The salt content of glowing charcoal probably 
operates similarly. The ions which are frequently produced in association 
with nuclei are without bearing on the present question, since only very small 
supersaturations are here employed, in contrast to the fourfold supersatura- 
tion needed to condense water vapor even on negative ions. Phosphorus 
emanation in the lapse of time will produce a blue fog spontaneously in merely 
saturated air. The recent analyses by Kohler® of the uncontaminated or 
frozen closed particles caught on the mountains in northern Norway shows 
them to be rich in chlorides, even calcium chloride being present. 

These converging lines of evidence, therefore, imply that the meteoro- 
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logically important nucleus is the solutional water nucleus; i.e., a nucleus in 
which the vapor pressure increment resulting from curvature is counter- 
balanced by the vapor pressure decrement due to solution (Ap/p= 
(m/M)(u/p’), where Ap is the decrement in question, m/M the concentra- 
tion of the solution, and p/y’ the ratio of molecular weights of solvent and 
solute). Such a nucleus will not vanish. It may grow by virtue of its salt 
content until the surface vapor pressure, determined by curvature alone, is 
below the supersaturation of the surrounding air and thereafter grow in- 
definitely. It is exceedingly curious to find that even when a fog is arti- 
ficially precipitated on ions and again evaporated, the ions are thereafter 
represented by water nuclei upon which precipitation may be made almost 
without supersaturation. The theoretical treatment of the condensation on ions 
is given at length by Sir J. J. Thomson,® who shows that in case of electric 
charge e, the term 27/R is to be replaced by 27 /R — e?/8nK R*, where K 
is the specific inductive capacity of the medium. In a saturated atmosphere 
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the drop will therefore grow until the R makes the binomial zero. Similarly, 
a brush discharge either from metal terminals or from glass, nucleates power- 
fully. Nuclei produced when two opposed filamentary jets of tap water 
mutually impinge on each other disruptively, endwise, are quite persistent in 
a saturated region. Their electrical charge vanishes at once, but the nuclei 
may be used for the precipitation of cloud particles in the fog chamber 
indefinitely. 

Between the years 1902 and 1905 a systematic study of the nucleation 
of the atmosphere was undertaken at Brown University in the city of Provi- 
dence and as the results bear directly on the subject at issue, they may be 
briefly quoted. Since the observations were to be made at a fixed station, a 
capacious fog chamber was chosen, through which the air continually cir- 
culated. The diameter of fog particles and hence their mass m for a given 
adiabatic expansion within the chamber may be obtained optically from the 
aperture of the coronas of cloudy condensation. These coronas are in almost 
all cases white centered and red ringed, or normal, so that the usual equa- 
tions for the diffraction of light by a single particle are available. 

The quantity of moisture (/) precipitated per cubic cm. by the definite 
expansion in question may be deduced from an entropy temperature diagram 
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for water vapor.’ The two quantities together give us the number of nuclei 
(Nm= WM) per cubic cm. required. It is thus merely necessary to make 
an exhaustion and measure the diameters of corona produced by a simple 
goniometer, to obtain N and the method is accurate enough for the purposes. 

Observations of this kind were taken several times a day, averaged for 
the day and subsequently for the month, The results for the year 1902-03 
and 1903-04 are summarized in the diagram, Fig. 1, the nucleation N ~ 
being laid off vertically in thousands per cubic cm. It is seen at once that 
the winter nucleation is enormously in excess over the summer nucleation. 
The monthly average may be larger than N = 70,000. The mean daily data 
often exceed 100,000. It is a startling contrast that on an exceptionally 
cold,. very clear winter’s day, when everything is frozen fast, one obtains 
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these enormous nucleations, whereas on a windy dusty dry summer day, the 
nucleation may be relatively negligible. The lowest values occur during rainy 
days and N may then fall to a few thousand. 

In Fig. 2, the nucleation surrounding Brown University in 1904-05 in 
ten thousands per cubic cm. is compared with the contemporaneous nuclea- 
tion in thousands per cubic cm., found by Mr. Robinson Pierce, at Block 
Island. Block Island is in the ocean at a minimum distance of about 20 kilom. 
from the mainland and about 70 kilom. from Providence. Nevertheless the 
two nucleations in their maxima and minima are the same in character at both 
places. The Providence nucleations are 5 to 10 times larger, but the under- 
lying source is the same. The 1904-05 graphs, moreover, have a peculiar 
development in February due to meteorological occurrences not present in the 
earlier graphs. 

Apart from details, mere inspection of the curves shows that the active 
nuclei here are products of combustion and that the highly dispersed soluble 
materials are wafted some distance out above into the ocean. 

As a whole the phenomena of atmospheric nucleation are based on a rather 
clearcut and relatively simple principle. The term colloidal referred to them, 
as was done in much of my work,® seems superfluous. True, the nucleation 
obtained by a brush discharge in air would in a liquid produce a colloidal 
metallic or other solution; but the dispersion in air ceases to present other 
than easily interpretable solutional and capillary phenomena. 
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Colloid Meteorology 


By W. J. HUMPHREYS, 


Meteorological Physicist, Weather Bureau, U. S. Department of Agriculture, 
Washington, D. C. 


There are good people who contemptuously scorn pork until someone 
kindly calls it veal, whereupon they devour it ravenously. Perhaps a similar 
concession to the colloidist in respect to meteorology may also produce a happy 
result. At any rate this concession is easy to make, for liquid or solid particles, 
larger than single molecules, floating in the air constitute, with this air itself, 
an aerosol, and an aerosol is, by definition, a colloid. Colloid meteorology, 
then, treats of those phenomena that are owing to the presence of minute 
foreign bodies in the atmosphere, that is, of condensation in the free air, and 
of certain optical and electric effects. 


Nature and Origin. 


Excluding, for the present, fog and cloud particles, to be discussed sep- 
arately, there still are many kinds of colloidons (particles of colloid size of 
whatever state, shape, and composition) in the atmosphere, and their sources 
are numerous. Among these kinds are: 1. Mineral dust, finely pulverized or 
disintegrated rock with or without chemical change, caught up by surface 
winds. 2. Vegetable fibers, largely caught up by the wind from soil. 3. Pollen, 
especially from conifers and other heavy pollen-bearing trees. 4. Soot, un- 
burnt carbon particles and mineral ash given out from fires of every type. 
5. Salt particles resulting from the evaporation of ocean spray. 6. Hygroscopic 
droplets, formed by the solutional union of water vapor with such hygroscopic 
gases as ammonia and the oxides of nitrogen, produced by electric discharges, 
and the oxides of sulphur, SO, chiefly from the burning of coal, and SO, 
apparently from the action of ultraviolet radiation on SO,. 7. Volcanic “ash” 
explosively ejected and, in some cases, wind blown to the ends of the earth. 
8. Meteoric or cosmical dust, the ashes, so to speak, of incinerated meteors, or 
shooting stars, of which, on the average, millions flash through our atmosphere 
every day. 9. Spores, microbes, bacteria, et cetera, scattered through the air 
by winds and convection currents. 

These, of course, are by no means all the kinds and sources of colloidons, 
but they appear to be the chief ones, and, at any rate, are sufficient to persuade 
us that what we breathe is not pure air but a highly complex aerosol of at 


least 10° gas molecules and a million micro-sticks and -stones for every 
average breath. 


Distribution. 


Again excluding fogs and clouds, the konisphere (dust sphere) is coinci- 
dent with the atmosphere, and, like the latter, divisible into more or less distinct 
layers. These are: 
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1. The turbulence layer, next to the surface and of varying depth up to a 
kilometer, roughly, but generally much less. It is the region of mechanical, 
or surface, turbulence of the air, which agitation fills the space involved with 
larger colloidons and a greater number per unit volume than are in any other 
portion of the whole konisphere. This layer often is seen from mountains as 
a haze, with a more or less sharply defined upper surface—the top of the 
turbulent air. 

2. The convection layér, resulting from the carrying up of the relatively 
dusty surface air by thermal convection. It is deepest and dustiest therefore 
during summer droughts. Its upper surface, often three kilometers, roughly, 
above the earth, frequently is a sharply horizoned ocean, as viewed from an 
aeroplane, in which cumulus clouds stand like islands in the sea. 

3. The tropic layer, coincident with the troposphere, or all that portion 
of the atmosphere from the surface of the earth up to the limit of vertical 
convection, or, therefore, to the tops of the highest clouds. In middle lati- 
tudes, the depth of this layer is 10 to 12 kilometers. In high latitudes its depth 
is less, and in equatorial regions decidedly greater. Its surface seldom is seen, 
owing to its great height, but that a dust layer boundary occurs at this level 
is evident from certain polarization phenomena of skylight. It also is evident 
from the fact that vertical convection of the lower air, laden with terrestrial 
dust, does at times reach this limit, but never goes beyond it—this being the 
level below which temperature rapidly changes, and above which it remains 
substantially constant, with change of height. 

4. The stratic layer, coincident with the stratosphere, or all the atmosphere 
beyond the troposphere. The colloidons of this region come from the daily 
millions of meteors, and the occasional violent volcanic explosions of the 
Krakatoa and Katmai type. Presumably there also are present, owing to 
insolation and electric discharges, hygroscopic molecules, especially nitrogen 
peroxide, which help to keep up the supply of condensation nuclei at the 
upper level of cirrus clouds. 

The tropic and stratic dust layers are always present, but the amount of 
dust in each varies greatly. The dustiness of the stratic layer is varied mainly 
through volcanic explosions. At times, such for instance as the year or two 
following the outbreak of Krakatoa, this dustiness is so great as seriously to 
affect the intensity of sunshine as received at the surface of the earth.* How- 
ever, after a greater or less interval, generally one to four or five years, this 
dust settles out and the stratic layer contains only the particles or colloidons 
of cosmic origin, and those, if they occur, of insolational origin. 

All three of the lower dust layers, those pertaining to the troposphere, are 
subject to frequent and rapid changes in the amount of their dust content. 
General rains and snows leave the atmosphere in which the condensation 
occurs and through which the precipitate falls comparatively dust-free. On 
the other hand, the winds and convection of dry hot weather carry up dust 
again in abundance. Obviously, too, the average size and mass of the indi- 
vidual particles decrease with increase of height, both from layer to layer and 
within each individual layer. 


Condensation. 


The amount of water vapor necessary to produce saturation (state of 
equilibrium-of vapor pressure in the presence of a flat surface of pure water) 


* In ancient times, the eruption of volcanos may have been a material factor in affecting climate. 
eee 
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increases rapidly with increase of temperature. Hence by cooling saturated 
air one can easily determine the effects, under different conditions, of super- 
saturation. Whenever, for instance, ordinary air, kept saturated by the 
presence of water, is suddenly expanded, as easily managed in a suitable closed 
vessel, the consequent dynamical decrease of temperature produces a corre- 
sponding supersaturation resulting in the production of a miniature fog or 
cloud. After these minute droplets have settled, which they do slowly, a 
second sudden cooling produces another, but much thinner, cloud. Subsequent 
moderate coolings, however, after the first few, fail to produce any cloud 
particles. Similar effects follow the admission of momentary spurts of live 
steam into the closed vessel—another way of producing supersaturation. If 
filtered air, that is, air that is drawn through several inches of cotton wool, 
or other substance of similar texture, is used, condensation by moderate cool- 
ing is impossible from the first. The admission of a puff of smoke, however, 
restores to the exhausted air, and endows the filtered air with, full powers of 
condensation. 

Clearly, then, there are in tobacco smoke,* for instance, and in ordinary 
air, condensation nuclei, usually hundreds and often thousands per cubic 
centimeter, upon which water gathers as soon as saturation is closely attained, — 
or, at most, slightly passed. ‘The great majority at least of these nuclei are 
colloidons. Some may be too big to justify that title. They are not all 
equally effective, however, as condensation nuclei, owing to the varying degrees 
to which the several kinds are hygroscopic. Granules of sea-salt for instance, 
the principal ocean dust, are much more hygroscopic than most kinds of land 
dust. That is, at the same temperature, the equilibrium vapor pressure over 
damp salt is less than that over many damp soil materials, such as quartz sand. 

Obviously, therefore, when the percentage of saturation is continuously 
increased in a body of air that contains, as does the free atmosphere, several 
kinds of dust, or nuclei, quite differently hygroscopic, condensation occurs 
first on that kind in which this property is most pronounced.t As the first 
droplets grow their vapor tension increases, owing to dilution, until presently 
condensation extends to the next most hygroscopic nuclei, and so on, as long 
as any nuclei are present. Hence, so long as there is present an abundance 
of quite hygroscopic nuclei, the addition of relatively non-hygroscopic dust 
does not alter the number of fog or cloud particles per unit volume, nor, there- 
fore, the density or opacity of the fog or cloud. The actual condensation 
nuclei, then, that is, those on which condensation really occurs, are only the - 
more hygroscopic colloidons present, whatever they may be. Every floating 
mote, however, is a potential condensation nucleus, a reserve as it were, that 
immediately comes into action as soon as the more hygroscopic ones have 
either been rendered enough less efficient by dilution or dragged quite out 
of the field by their accumulated aqueous loads. 

In “dust” free but ionized air condensation begins on the negative ions 
when the humidity has attained about a fourfold supersaturation, and on the 
positive ions at about the sixfold stage. If neither dust nor ions are present 
condensation still may be forced, but only by at least an eightfold supersatura- 
tion. There is no reason, however, to believe that any such degrees of super- 
saturation occur in natural meteorological processes. Furthermore the ions 
and the neutral molecules that, in these cases, are the nuclei of condensation 
are too small to be admitted to the family of colloidons. Of course, though 


* Zsigmondy and others have examined tobacco ultramicroscopicall 
+ See H. A. Wilson’s Cloud method in Millikan’s paper, p. 174, sp iN 4 


COLLOID METEOROLOGY 427 


the droplets thus formed pass through every gradation of the colloidon size. 
Nevertheless, they have no meteorological interest, being formed only under 
highly artificial laboratory conditions. 


Equilibrium Vapor Tension of Droplets. 


As stated above, the vapor tension of a droplet depends on the quantity 
and kind of substance dissolved in it. In any case it is greater than that of 
_a flat surface of the same solution, and to an extent that varies inversely with 
the radius of the droplet, as shown first by Sir William Thomson? long ago. 

To find an expression for this difference of vapor tension at the same 
temperature, let a capillary tube of circular cross section stand vertically in a 
_ dish of water enclosed by a bell jar or other vessel, so as to secure saturation, 
from which all air has been exhausted. Let the height, h, of the water in 
the tube above its level outside be many times the inner radius R, so that the 
meniscus shall be very nearly spherical, and let the angle of contact between 
water and tube wall be 0°, as it is, at least very closely, when the tube is glass. 
Let T be the surface tension, and ¢» the density of the water, e, the average 
density through h of the saturated vapor, g the gravity acceleration, and Ap 
the difference between the vapor pressures at the inner and outer surfaces.* 
Then, since the pull up on the capillary column by the surface tension is equal 
to the total pull down 
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negative for concave surfaces, and positive for all that are convex. 

For a droplet whose diameter is 10°* cm., this increase of vapor tension is, 
at ordinary temperatures, approximately that which would be produced over 
a flat water surface by an increase of temperature of about .02° C. The in- 
crease of equilibrium by fog and cloud particles, average diameters about 
10 w and 33 wu, respectively, is in each case much less than that cited, they 
being larger droplets; nevertheless it 1s of importance. 

If other things were equal, the smaller droplets, having, for the reason 
just explained, the greater vapor tension, would shrink by evaporation and | 
the larger grow by condensation. But other things are not equal. Many of 
the condensation nuclei are soluble; hence the vapor tension of a droplet 
formed about such a nucleus tends to become less with decrease of size owing 
to increase of concentration, and greater owing to increase of curvature. 
These opposing effects speedily produce a balance under which all droplets 
about soluble and hygroscopic particles have roughly the same size, while the 
comparatively non-hygroscopic colloidons remain inactive. ie 

Equation (2), that gives the relation of surface curvature to equilibrium 
vapor pressure, shows that condensation must be more and more difficult as 
the size of the nucleus becomes less and less, and impossible, it would seem, 
without nuclei of some kind. But experiment shows that condensation does 


*The R and T here must not be confused with the gas constant R and the absolute temper- 
ature T. J. A. 
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take place in the absence of all nuclei as soon as the vapor has attained an 
approximately eightfold supersaturation. Clearly, then, equation (2) does not 
hold indefinitely with decrease of size of droplet, probably because when it 1s 
less than a certain very small size the surface forces at every point on the 
droplet are disturbed by those of every other point, though the details of how 
this comes about are not known.* 

It also is clear from equation (2) that condensation must occur first and 
most freely in the interstices, and on the concave portions of nuclei, and that 
the droplets must therefore be spherical from very near the beginning of their 
formation. 


Coronas. 


Coronas consist of one or more concentric rings of colored light, or 
systems of such rings, about a luminous center, such as the sun or moon. They 
are produced by the diffraction of light from a distant source by a sheet-like 
distribution of small spherical, or roundish, particles of approximately the 
same size. 

It is known from experiment that light is transmitted from one place to 
another as though by waves, or at least by a process that possesses certain 
wave properties. We even speak of the wave front of light, meaning a con- 
tinuous sheet at every point of which the wave phase, or what behaves like a ~ 
wave phase, is the same. Hence, to find the effect at a specified place of a 
given portion of such a wave front we have only to regard each infinitesimal 
area over this portion of the wave front as a center from which the energy 
of that area radiates equally in all directions, and to integrate, for the point 
in question, over the given portion of the wave front. A simple way of 
solving such a problem experimentally is to pass monochromatic light through 
a small opening, circle, slit, or what not, in an opaque screen, and note the 
illumination of a suitable surface beyond the opening. If the incident light is 
parallel and passed through a narrow rectangular opening, a series of bright 
and dark lines parallel to the slit will appear on the receiving screen, sym- 
metrical on either side of the projection of the slit, and progressively finer 
and closer together with increase of distance from the center of that projec- 
tion. A small circular opening produces concentric rings of light, finer and 
closer together with increase of their radii. Every small opening, whatever 
its shape, produces its own set of fringes, all outside the geometrical pro- 
jection of the opening onto the receiving screen. These light effects outside 
the geometrical projection of the opening and within the “shadow” of the 
opaque screen are diffraction phenomena, and the action that bends, as it 
were, the light out of its straight line course is diffraction. Clearly, then, a 
thin cloud sheet, for example, of water droplets may be regarded as the 
equivalent of so many opaque circular disks evenly scattered over a trans- 
parent screen. In this case the transparent portions of the screen, or effec- 
tive parts of the wave front, would be of irregular shapes, impracticable to 
integrate over for their combined effect at any given point. However, the 
diffraction effect of opaque disks of uniform size scattered over a trans- 
parent screen is precisely the same as that of an equal number of circular 
holes of equal size similarly distributed over an opaque screen. This fur- 
nishes a mathematically manageable problem, and its solution is the solution 
of the corona, so often seen, when the clouds are very thin, about the sun 


* Regarding this, see paper by I. Langmuir, this volume. J. A. 
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and the moon. A similarly formed corona, known as Bishop’s Ring, 15° 

to 20° radius, occasionally is seen about the sun after violent volcanic 
explosions of the Krakatoa and Katmai type. This ring is owing to the 
diffraction of the sunlight by the very fine dust in the upper atmosphere be- 
yond the reach of the highest clouds. 

The above outline of what diffraction is, and hint as to how the problems 
it presents may be solved, are sufficient for a general understanding of the 
subject. The more or less tedious mathematics necessary in the quantita- 
tive solutions of such problems may be found in various works on optics. 
The problem of the corona and other meteorological diffraction phenomena is 
solved in detail in such generally available and recent books as Pernter and 

Exner’s “Meteorologische Optik,’ and Humphreys, “Physics of the Air.” 
The most significant corona equation, perhaps, in its relation to colloids, 
derived in the treatises referred to, is 


sin 0 = (n + 0.22) 2 


very nearly, in which 4 is the angular radius of the uth ring of minimum 
brightness of a corona, counting from the center, A the wave length of the 
incident light, and @ the common radius (all the same) of the diffracting 
droplets. 

By measuring 9, easily done with a theodolite or other suitable instrument, 
corresponding to m = 1, n= 2, or other small whole number, for any selected 
color, or approximately definite value of A, one obtains by the simplest 
arithmetic the diameter, 2a, of the particle in question. 

In this way it has been found that the diameters of liquid cloud drop- 
lets commonly range from .014 mm. to .040 mm., clustering about .033 mm. ; 
that the average diameter of fog droplets is, roughly, .010 mm.; and that the 
width, or diameter of the long suspended Krakatoa dust particle was approxi- 
mately .00182 mm. (1.82 w). 


RADIUS OF DROP 


Ou a4n GB a lZc h GIG 4eneOmmne4 
RADII OF 181 AND 2% RED BANDS 


Frc. 1.—Relation between size of drop and size of corona (after Simpson). 


Tridescent Cloud. 


There is another meteorological phenomenon, of rare beauty, that belongs 
to the corona family, viz., the iridescent cloud: The best forms of this, often 
of considerable extent, occur 15° to 30° from the sun in thin high clouds of 
the alto-cumulus and alto-stratus types, and consist of irregular and inter- 
mingled splotches of pearly pinks and delicate greens. These patches of 
exquisite color, and hence the whole iridescent phenomenon, are only por- 
tions of a very large corona formed, therefore, by exceptionally small droplets. 

The relation between the linear radius of droplets and the angular radius 
of the corona, including iridescent clouds, they produce, is shown in Fig. 1. 
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Rainbow. 


Some authors regard the rainbow, and especially the pale, broad fogbow, 
as a colloid phenomenon. However, the raindrop, at least, by which the bow 
is best formed, certainly is extra-colloidal in size. The tedious (if adequate ) 
discussion of this phenomenon therefore will be omitted. Those who wish 
to know the theory of, and principal facts concerning, this meteor can find 
them in considerable detail in the works on Meteorological Optics and Physics 
of the Air referred to above. 


Halo. 


There are many well known halos—rings, splotches and arcs, both white 
and tinted, symmetrically placed about the sun or moon. ‘These, too, some 
authors would class as colloid phenomena. But they are formed by ice 
columns and tablets, of appreciable size, say half a millimeter to a millimeter 
long, if columnar, or broad, if tabular. It would seem allowable therefore 
to exclude such hunks of ice from the family of tiny colloidons, and with them 
all the delicate, symmetrical, and beautiful halos they hang in the sky. The 
story of the halo, long and interesting, may be found most readily perhaps 
in the same books referred to under the Rainbow. 


Sky Colors. 


Not until modern times did anyone go on record, so far as we know, 
as asking why the sky is blue. The first answer was the one so familiar 
to children, and, to the brighter ones, so unsatisfactory, namely, “That is its 
nature.” Of course, the wise men that gave this illuminating answer soon 
were asked “How does it get that nature?’ Various attempts were made 
to answer this question, but without avail, until 1871, when the late Lord 
Rayleigh ? formulated a theory so full and complete as to account for every 
known fact of observation and experiment. 

It is unnecessary to repeat here the substance of Rayleigh’s searching 
analysis of this problem. His original papers are easily available, as are 
also many summaries of them in works on optics, and also in the two meteoro- 
logical works above referred to. Some of Rayleigh’s most important con- 
clusions, in regard to the action of molecules and colloidons on light, are 
embodied in the foltowing equation, based on the assumption that the scatter- 
ing particles are identical, equally numerous throughout the scattering layer, 
not too close together, and small in comparison with the cube of the wave 
length of light used: 
4x? (u — 1)? sin? a - — Brews 


items n?r?)* 


, nearly 


Ril Se (3) 


in which 


I, = initial intensity of incident light; 

A = the wave length of the incident light; 

n = the number of scattering particles, all alike, per unit volume; 
I, = intensity of light received from a single scattering particle; , 


COLLOID METEOROLOGY 431 


# = length of path of incident light through layer to particle giving the 
light in question ; 

ry = distance from the given particle to observer ; 

a = the angle between paths of incident and scattered lights ; 

\t = refractive index of medium, air, say, or other substance, whose index 
is quite small. 

DA CI. ee , the base of natural or Naperian logarithms. 


This equation embodies the fact that the intensity of the light scattered 
‘by a minute particle (similarly of course for many particles) varies directly 
as the intensity of the light incident on that particle, as the square of the 
sine of the angle of deviation from the path of incidence, and as the square 
of the refractivity, (u—1), of the medium; and inversely as the square 
of the packing (number of particles per unit volume), square of the dis- 
tance from the place of scattering, and the fourth power of the wave length. 

Clearly, from the exponential or extinction term of this equation, light 
of very short wave length is rapidly enfeebled as it penetrates the scattering 
layer. Similarly, from the scatter term, very little light of long wave length 
is diffused by the minute particles. The dominating color of sky light there- 
fore should lie somewhere between that of the most scattered radiation and 
that of the least scattered, that is, between that of the shortest wave length 
and that of the longest wave length, and so, in general it does. Ordinarily, 
as all know, the color of the sky is neither violet nor red, but blue, a color 
of intermediate wave length. 

Equation (3) shows, among other things, that the dominating color re- 
ceived at the surface of the earth, or any other given level, from a given 
quantity of scattering particles depends on the height of these particles. 

As before, let the packing of the diffusing or scattering particles be the 
same, then solving (3) for dominant color, that is, for the maximum value 
of the ratio of /,/lJo, we get, where m signifies maximum 


Maken Cae (4) 


yan Paid El 
(Ga keg eae 


From Equation (4) it appears that the wave length of the dominating 
color increases with the distance x of penetration of the incident light through 
the scattering layer. This explains in large measure why the twilight sky 
runs the spectrum gamut from blue to red in the evening, and red to blue 
in the morning. 

In the case of direct light the ratio of initial to residual intensity is given 
by the equation 


Hence, in general, 


CH 


Ti /In= ele? 


as may be inferred from (3), this being the term that does not involve the 
distance 7. But c in this expression is proportional to the square of the volume 
of the scattering particle, a value implicitly contained in the square of the 
refractivity, 4—1. Hence the larger the scattering particle, other things 
being the same, the feebler the residual light of any given wave length. Fur- 
thermore, since the extinction coefficient, c/A*, varies inversely as the fourth 
power of the wave length, it follows that with increase in size of the particles 
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the residual direct light becomes more and more prevailingly that of the longer 
wave lengths. 

This explains why, with increasing humidity, and consequent growth 
in size of hygroscopic particles in the atmosphere, the sun and moon become 
more and more reddish hued. It explains too the scientific basis of the old 
saying : 

“A red sun has water in his eye.” 
—a well known indication of an approaching rain. However, the same gen- 
eral effect may, and often does, occur in dry weather owing to smoke from 
forest fires or other extensive conflagrations. 


Haze Cutting. 


From the foregoing it is evident that on sunshiny days a distant object 
necessarily is more or less dimly seen, owing both to the enfeebling by scatter- 
ing of the direct light from the object itself and to the glare of sunlight 
scattered by the intervening particles along the line of sight. Hence a 
passing cloud, shading the intervening region between object and observer, 
often enables one to see such object far more distinctly, merely, of course, 
by cutting out the glare. Furthermore, since the scattering is inversely pro- 
portional to the fourth power of the wave length of the incident light, a filter, 
such as yellow or red glass, through which the light of shorter wave length 
cannot pass, frequently makes the seeing much better, also merely by ex- 
cluding much of the glare. Such an instrument has been given the deserip- 
tive name “haze cutter” since it greatly improves both visual and photographic 
clearness and definition. 


Sky Polarization. 


Ordinary sunlight, as also artificial light, will pass through any trans- 
parent substance no matter how that substance is oriented with reference 
to the beam of light. If, however, the transparent object happens to be a 
slab of tourmaline cut parallel to the long axis of the crystal the light that 
gets through will pass also through a second slab of tourmaline parallel 
with respect to crystal structure, to the first, but will not pass through the 
second slab if crystallographically it is set at right angles to the first. The 
light then that has passed through a slab of tourmaline is different from 
ordinary light, being one-sided as it were, and we designate it as polarized 
Now, polarized light may be obtained in various ways, one of which is by 
scattering ordinary, or non-polarized, light by excessively fine particles such 
as molecules and colloidons. Skylight, therefore, is partially polarized, the 
proportion of polarization by the first scattering, as computed by Rayleigh $ 
being given by the equation an 


polarized light _—_ sin? y 
total light ~ 1+ cos? y 


where y is the angle between the directions to the sun and point of the sky 
observed. 

At 90° from the sun, then, the once, or primarily, scattered light should 
be completely polarized. But by actual observation the polarization alon 
this circle, while very great, is not complete. There are at least two im 
portant reasons for this. The scattering particles are not all minute in com- 
parison with the cube of the wave length of the scattered light, and, especially 
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the scattered light is itself scattered a second time, this in turn a third time, 
and so on indefinitely. Each of these adds its own contribution to the re- 
sultant, though, indeed, after the second scattering the quantities are too 
small to increase perceptibly the light observed. 

The details, requiring mathematical analysis, of how the secondary scatter- 
ing affects the net polarization of skylight may be found in the papers and 
books already referred to. The principal facts, indicated by theory and found 
by observation are as follows, copied from ‘‘Physics of the Air’’: 


1. Part of the light from nearly all points in a clear sky is plane polarized, 
whatever the season, location, altitude of the sun, or other conditions. 

2. The polarized portion of sky light, in turn, is divisible into two parts: 
(a) the positive, due to the first or primary scattering, in which the plane 
of polarization (plane normal to the vibrations) is given by the source (sun), 
point of observation, and eye of the observer; and (b) the negative, due to 
secondary scattering, in which the plane of polarization is normal to that of 
the primary, and, therefore, because of the ring-like distribution of the 
atmosphere about any point on the earth’s surface, essentially horizontal. 

3. Generally speaking, the percentage of polarized light along any great 
circle connecting the sun and the antisolar point increases from zero near 
either to a maximum midway between them, which, in turn, increases with 
the altitude of the point in question. 

4. The point of absolute maximum polarization is in the solar vertical and 
ordinarily about 90°, as stated, from the sun. 

5. In general, the percentage of polarization decreases with the amount of 
light reflected through the sky, whether from the surface or from relatively 
large particles in suspension. It therefore decreases with (a) percentage of 
snow covering; (b) percentage of cloudiness; (c) dustiness, or anything 
that itself leads to an increase of dustiness, such as high winds, especially 
over arid regions, but everywhere during dry weather, strong vertical con- 
vection—hence, generally less during summer than winter—volcanic explosions 
of the Krakatoa type, etc. 

6. The percentage of polarization generally increases with the wave length 
of the light examined. 

7. Even shaded masses of air, if exposed to sky radiation, emit perceptible 
amounts of pclarized light. 

8. Three small regions of unpolarized light, Babinet’s, Brewster’s and 
Arago’s neutral points, occur on the solar vertical; the first some 15° to 20° 
above the sun, the second about the same distance below it, and the third 20° 
roughly above the antisolar point. 

9. As the sun rises above or sinks below the horizon the antisolar dis- 
tance of Arago’s point increases from about 20° to, roughly 23°; while the 
solar distance of Babinet’s point decreases from a maximum of, approxi- 
mately, 20° to, perhaps, 18°, for-a solar depression of 5° or 6°, and to 0°, 
as does also Brewster’s point, as the zenith is approached. 

10. When the upper atmosphere is greatly turbid, as it has often been 
after violent volcanic explosions, other neutral points, in addition to those 
above mentioned, are occasionally observed. 


Electrical Effects. 


The foreign particles in the atmosphere, whether fog and cloud droplets, 
or colloidons of whatever kind, are traps both for the electron and for the 
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positive atomic ion. They constitute the slow moving or Langevin ions— 
slow moving owing to their relatively great size. This loading of the ions 
correspondingly decreases their velocity, that is, and to that extent, decreases 
the electrical conductivity of the atmosphere. 

Many other atmospheric phenomena might, of course, by analogy or other- 
wise, be classed as colloidal, but such a classification and treatment would, 
it is believed, be largely forced and artificial. It is suggested, therefore, 
that those who wish any such additional information go to the more cus- 
tomary sources for it. Some flesh indeed is veal, but this banquet name of 
the fatted calf does not properly belong to all meat! 
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_ Many atmospheric phenomena, in common with phenomena in most other fields, 
involve colloidal dispersions and the same principles which govern their behavior. If 
there be any prodigal sons of science who have followed their own specialties so closely 
as to lose contact with the wide-spreading shrine of science, perhaps they will welcome 
pe calf under the name of veal, even if they erroneously believe it to be pork. 


— 


Colloidal Forms of Water and Ice 


By HOWARD “T BARNES, D.Sc.,, F.RiS. 
McGill University, Montreal 


Atmospheric conditions have been studied and the sizes of fog and mist 
particles have been estimated with a generally accepted explanation of the 
precipitation of the water vapor on certain minute particles or nuclei which 
have formed a center for starting the condensation. The work of Carl 
Barus ? has shown us what is probably the explanation of these nuclei, but it 
does not appear at all clear how the copious and often repeated nucleation 
in a foggy atmosphere, particularly in winter, can be entirely accounted for 
by the presence in the atmosphere of finely divided matter in the form of dust. 

It is probable that the nuclei are supplied from the water vapor particles 
themselves which under the action of daylight are made to coalesce from the 
molecular state to large aggregates of colloidal dimensions. 

It is not always realized that the flooding of the atmosphere by daylight 
results in the projection into the sea of molecules of high powered energy 
impulses which tear their way through, upsetting the stability and interfering 
with the molecular equilibrium. 

From the extent of the sun’s spectrum, there are always present wave 
lengths of energy which will suit a wide variety of particles. 

The resonant effects in the varying sizes of atmospheric aggregates are 
responsible for the beauty of the sunrise and sunset. Colorful effects due to 
selective resonant qualities of any medium are too well known to require 
extended discussion here. From the easily demonstrated colloidal solutions 
we can pass to the more delicate coloring of water and ice which will now 
occupy our attention at the outset of this paper. 


The Color of Water and Ice 


It appears to be now a matter of general knowledge that water is a highly 
associated liquid. Evidence is at hand from all the physical properties of 
water to show that this is-so. 

There exist in solution molecular aggregates which possess the same physi- 
cal characteristics as ice. These particles influence the shape of the tem- 
perature variation curves of density, specific heat and viscosity, as I showed, 
many years ago, from a study of the variation of the specific heat of water 
with temperature. Water contains dissolved ice molecules, and the concen- 
tration of this solution increases with falling temperature down to the freez- 
ing point, where saturation causes the solid ice to separate out. (Rontgen, 


1892.) 


* This paper was prepared at the request of Mr. Jerome Alexander, colloid chemist of New York 
City, but it was with some diffidence that I consented to correlate some of the many natural 
phenomena which are produced by finely divided water and ice particles. 

+ See papers by C. Barus and by R. Audubert, this volume, J. A, 
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There have been a great many papers written on the association of water,’ 
and many attempts made to find the molecular complex of the ice molecule, 
which has resulted in the general agreement that ice is to be reckoned as 
trihydrol, water as dihydrol, and vapor as hydrol, meaning by hydrol the 
molecule simplex H,O. Bragg has worked out the crystal structure of ice 
from theory, and the picture he gives is of surprising interest. The actual 
experimental results by X-ray analysis, however, do not accord accurately 
with the theory and do not even agree together. We do not know how the 
ice crystal is modified by its manner and temperature of formation and until 
we do we cannot expect better agreement.* The manner of producing the 
ice is of fundamental importance for the X-ray study. 

The beginning of the true colloidal form in water is from the dihydrol 
which merges into the trihydrol at temperatures below 60° C. to the final ice 
molecule devoid of all crystal form, where it remains still invisible until the 
freezing point is reached. At this temperature it becomes sufficiently con- 
centrated, and of sufficient size with relation to the remaining dihydrol mole- 
cules, to affect the rays of light which are reflected from the depths of the 
water, producing a change of hue indescribably delicate and illusive. Old 
river men are enabled to tell without instruments when the water arrives at 
the freezing point prior to the early anticipated and much dreaded production 
of the first finely divided and exceedingly transparent frazil ice. In passing 
through this change there is evidence to show that the primitive crystal form 
of the ice is triangular, supporting the theory of the three groups in the 
trihydrol.. The eventual form of the ice crystal is hexagonal, but Bragg 
proves this to be a complex structure consisting of interpenetrating trigonal 
prisms. The trigonal form may even persist to modify the hexagonal crystal 
and many good sized three-sided ice crystal shapes have been recognized. 


Iceberg Ice 


The color of iceberg ice, which is so vivid in its beautiful blue tone, is 
probably due to the influence of large group molecules, connected with the 
presence of the ice molecules in water. Prof. Raman of Calcutta in his 
address before the British Association in Toronto last summer (1924) tried 
to prove that the color of water and ice was due to molecular scattering. - It 
was pointed out in criticism that the Tyndall effect in ice or water was due 
to dust and that it is impossible to get either entirely free from it. In the 
case of ice this criticism falls down, for the color of ice is a good indication 
of its manner of formation, and to anyone used to comparing samples, it is 
easy to distinguish between samples produced under conditions prohibiting 
the presence of dust or foreign matter and ice that has such imbedded therein. 
From careful conductivity tests it is found that the icé which is formed on 
the underside of a surface sheet growing over flowing water is as pure as 
it is possible to get anything in nature. Indeed Zsigmondy (‘Colloids and 
the Ultramicroscope”) recommends freezing as a means of producing clean 
water required in ultramicroscopic work. Samples of pure ice produce water 
which is contaminated only by the vessel into which they are placed. Bac- 
teriological tests show ice to be absolutely sterile even when grown over 
polluted water. Every trace of foreign matter is eliminated by the slow 
freezing over the moving water. 

It seems more than probable that Prof. Raman is correct, and that the 

* Crystal Structure of Ice. Wm. Bragg, Proc. Roy. Soc., 34, 98 (1922). 
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olor of ice is due to the large group molecules. In a similar way the color 
f the water is due to the light scattered by the ice molecules in solution. 
ceberg ice is interesting because it shows no crystal structure is without 
leavage lines, and appears to be what one would expect from the way it is 
ormed. It is simply pressure ice, and consists of a mass of fine grains 
rrown from the nuclear structure supplied by the snow and frost forms on 
he high interior plateau of Greenland. Pressed down into a compact mass 
iter countless ages under great pressure, the bergs are finally launched forth 
o begin their journey southward. From the very nature of the internal 
structure of glacier or iceberg ice one would expect to find the deepest color. 

In the color of water it is difficult to separate the effect of fine impurities 
rom the true molecular scattering. Glacier streams and lakes are always 
he bluest and appear to be deepest in shade when coldest. The water of the 
st. Lawrence River comes from the great lakes system which is a gigantic 
settling basin for the silt and mud, and its water is clear and blue wherever 
t is seen. It is a wonderful sight in winter to watch the varying shades as 
he temperature changes. There is a great similarity between a mass of ice 
und a mass of water just at the freezing point. I am not speaking of ice as we 
ordinarily know it, but I am thinking of water which has flocculated, and in 
which the particles have grown to large dimensions. Freshly formed ice is 
in the nature of a great clot, which undergoes structural alterations. The 
slowness of formation of ordinary river ice causes large crystals but when 
formed rapidly from water that is slightly supercooled the crystals possess 
fine colloidal structure. 


Frazil Ice 


A very beautiful example of flocculation is afforded by what we call in 
Canada frazil. This ice gives at times unlimited trouble to Power Companies, 
in that it accumulates at the intake, on the rack bars, or forms great hanging 
dams beneath the surface covering of the forebay. It packs in and obstructs 
the flow of the water like the slimy precipitates met with in chemical analysis. 
The manner of formation of frazil is quite simple. It occurs in open flowing 
water when at the freezing point, in long streamers and spongy masses and 
wide curtains which float low in the water and are easily carried along at 
considerable depths. The size of the particles are such as to give them, by 
Stokes’ law,’ little or no buoyancy. They have been mistaken for ice crystals 
heavier than water. The phenomenon is a true example of flocculation of a 
colloidal solution; the supersaturation is caused by the slight supercooling, 
and the flocculation follows probably as a natural consequence. The ice when 
it first forms is too fine to be seen by the eye apart from its action on the 
color of the water, but it soon agglomerates into the spongy masses of loose 
texture which readily catch onto objects in the water, and quickly build into 
the large masses. 

As long as the temperature does not fall below 32° F. no frazil can form, 
but the smallest drop below causes it to appear. The balance is so delicate 
that it will escape detection by the most sensitive thermometer and the first 
indication that a drop has occurred will be the appearance of ice. Fig. 1 
shows a microscopic photograph taken for me by Mr. W. A. Bentley last 
winter at Morrisburg, Ontario, of freshly formed frazil ice as it was taken 
from the river St. Lawrence on a cold morning in winter, before the sun has 
got high enough to influence the temperature of the water, The small well 
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defined discs of ice can be easily seen and some of them are large enough to 
possess a more or less irregular crystalline form. , 

Later on, if allowed to grow on quiet water, they grow like snow crystals, 
but in running water they wear to hard lumps or spicules. This sometimes 
gives to an observer the impression of needle crystals and in fact the older 
name of frazil is “Needle’’ ice. 


Fic. 1.—Microscopic photograph of Frazil ice freshly formed, showing small discs with 
no crystal shape. Magnification 2 diameters. 


Anchor Ice 


This form of ice grows on the bottom of the river wherever nothing pro- 
tects the bed from excessive nocturnal radiation on cold clear nights. 

Of all the ice on the upper St. Lawrence in the early winter anchor ice 
is the most abundant, and when released during the day forms by far the 
greatest bulk of the ice flowing down. It forms on points or rocks when the 
water is in a state of supercooling during the hours of 2 and 6 a. m. and 
sometimes attains a depth of five feet or more. It is of loose structure formed 
of large crystalline plates and is easily distinguished from frazil or snow 
blown into the water. Immediately on the advent of dawn, when the scattered 
radiation from the approaching sun glows in the eastern sky, the anchor ice 
begins to rise and floats in the stream. When the sun is actually up, and his 
rays are directed into the water, the bottom becomes quite clear of ice, until 
the following early morning hours when it grows again. Undoubtedly the 
deposition of ice comes from the contact of the supercooled water with the 
rocky bed, and the most copious growth takes place on the up-stream side 
of the rocks where the cooling would be most intense. During periods of 
intense nocturnal radiation, anchor ice is found abundantly, but on dull cloudy 
nights with high humidity no ice is produced. 


Mist and Fog 


Recent work on the nature of mist and fog is based on the nuclear theory. 
C, G. Simpson writes on this subject in a very clear way in a fecent number 
of the Scientific Monthly,* when discussing atmospheric water forms. 
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Since water does not lose its trihydrol until well on to the boiling point, 
all evaporation at ordinary atmospheric temperatures releases a reasonable 
proportion of these ice molecules; but what happens during their free flight 
is not known. Moreover we do not know any more of the fate of the water 
particles. During very cold weather the ice molecules must persist and ulti- 
mately pass through molecular aggregation to the true crystal form of hoar 
frost. The finest colloidal particles in the atmosphere constitute the haze to 
be seen on a clear day over the sea, and finely divided sodium chloride forms 
a nucleus of a very persistent kind which is found many hundreds of miles 
inland from the sea. Compare Fig. 5. 

The highest clouds consist of snow crystals and the presence of minute 
ice particles in the upper atmosphere is shown by the phenomena of sun dogs 
and moon dogs the positions of which with respect to the sun and moon 
prove the presence of solid particles which assume an hexagonal form.* 


Fic. 2.—Black fog in the St. Lawrence River at Morrisburg, Ont. Dense white fog 
alone. Heavy shadow cast over all. No dust or smoke present. 


Halos ® are produced by colloidal particles of ice in the atmosphere, also 
the earth shadows which are plainly visible in the north. The white fogs 
over the sea may be produced by colloidal water particles, but the white fog 
formed on water surfaces when the temperature is very low (20 or 30 degrees 
below zero) is the most beautiful and fleecy cloud-like form that is known. 
The existence of the “white death” or “pogonip” of the Blackfoot In- 
dians is caused by the excessive production of hoar frost resulting from a 
condition of unusual heavy precipitation of fine ice crystals. From their 
needle-like nature and their size they cause irritation to the lungs in the 
very cold weather, to which has been ascribed numerous outbreaks of pneu- 
monia. 

Probably the most interesting form of fog is the intense black fog which 
sometimes occurs during the very cold weather over the open surface of the 
St. Lawrence. Mists and winter fog are quite common over this river when- 
ever the temperature goes below 11° F. The black fog occurs only at sub- 
zero temperatures and appears to be a heavy precipitation of semi-fluid 


* Prof. Keyes of McGill University informs me he has on several occasions measured the sun 
dogs as seen in Montreal. His angles are all consistent and the mean is 238°, 114’. 
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globular particles which in their formation absorb completely the energy of 
the sunlight. It is preceded by a white fog, which, early in the morning, 
may rise to heights of 1200 feet in long streamers. With the rising of the 
sun the white fog subsides and the color changes to a sulphur yellow like 
burning saw-dust, and then rapidly to deep opaque black at the bottom. This 
shuts out completely all view of the water, of objects on the surface, and of 
the opposite shore. In Fig. 2 I show a photograph taken last winter of one 
of the thickest black fogs ever known on the river. Fig. 2 was taken at 


Fig. 5.—Colloidal ice. Odd window frost. Effect of traces of sodium chloride in the air. 


9 a.m. just after the sun had driven the fog down, and shows the black 
blanket over the entire water surface between the edges of the border ice 
fields. 5 

On rowing out into this fog the temperature was much higher than the 
surrounding air and the blanket felt quite warm to the face ‘proving what 
an effective protection this fog is to the loss of heat from the water. The 
white fog can be readily seen to consist of plates and minute particles which 
are deposited along the shore on the grass and trees and give rise to some ver 
beautiful sights. z 


Frost and Snow 


Frost patterns on glass offer an interesting study of the influence of 
colloids on crystallization. In the window frost pictures reproduced here 
which were taken last winter at Cornwall, Ontario, by W. A. Bentley may 
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be seen typical cases of colloidal protective influence on crystallization. 
Sodium chloride present in the atmosphere so far inland as Cornwall pro- 
duces the characteristic four prong star shaped patterns, Fig. 5. 

The gradual alteration of form from the simple colloidal water particle 
deposited from the air on the glass, to the fully developed crystals is well 
illustrated in Fig. 3. The glass itself, being a colloid, affects the crystal form, 
and the impurities left on the glass after cleaning produce abundant evidence 
_of colloidal protection. Fig. 4. 

Many of Bentley’s pictures show that a spherulitic phase, probably com- 
posed of groups of colloidal crystals made spherical by surface tension, pre- 
cedes the formation of regular crystals and even of dendrites. 


Fic. 3—Young window frost showing crystals forming from colloidal deposits. 


There are good instances of this in plates 13, 15 and 17, in Bentley’s 
atticle in the Monthly Weather Review of 1907. Very little is known in 
regard to the cause of the varied shapes assumed by snow crystals, but 
undoubtedly we shall sometime have an explanation. The wonderful collec- 
tion of varied forms which has been made by W. A. Bentley will prove of 
greatest help in a study of this kind. 

It is of little use to speculate as to the origin of the snow crystal. Mr. 
Bentley has given his views of this phenomenon, but it is impossible to know 
what is the nature of the nucleus which is the stimulus for the growth.* The 
same nucleus which is active in causing the colloidal water forms in the 
atmosphere must be at the same time the generating influence of the solid. 
In the upper atmosphere we have abundant material in the form of ionized 
air and cosmic dust to produce the nuclei. 
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Colloidal Forms in Liquids 


It has been pointed out that the moisture content of organic liquids results 
in the appearance of colloidal particles, and as an instance of this we have 
the colloidal water and ice in chloroform, which appear on cooling that 
materjal; but we are only at the threshold of our knowledge of the influence 
of colloidal water and ice. The molecular groups in water to which we have 
referred at the beginning of this paper are undoubtedly the basic nuclei for 
the many and varied forms. 


Fic. 4.—Colloidal ice. Window frost modified by effect of colloidal impurities (probably 
soap) left from the last cleaning process. , 


The influence of these liquid aggregates on chemical reaction and on crystal 
form has been completely overlooked in the past, but may easily be the real 
seat of the chemical activity of water. 

In a future article will be shown some of the more important of the active 
properties of water in their relation to these liquid aggregates. 

In conclusion it may be interesting to note the following from the works 
of Thos. Graham, F.R.S., published in 1861 to which my attention was drawn 
by Mr. Alexander. 


“Tce itself presents colloidal characters at or near its melting point, paradoxical 
though the statement may appear. When ice is formed at temperatures a few degrees 
under 0° C., it has a well marked crystalline structure, as is seen in water frozen from 
a state of vapor in the form of flakes of snow and hoar-frost, or in water frozen from 
dilute sulphuric acid as observed by Mr. Faraday. But ice formed in contact with water 
at 0° C. is a plain homogeneous mass with a vitreous fracture, exhibiting no facets or 
angles. This must appear singular when it is considered how favorable to crystallization 
are the circumstances in which a sheet of ice is slowly produced in the freezing of a 
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lake or river. The continued extrication of latent heat by ice as it is cooled a few 
degrees below 0° C., observed by Mr, Persons, appears also to indicate a molecular change 
subsequent to the first freezing. 

Further, ice, although exhibiting none of the viscous softness of pitch has the elas- 
ticity and tendency to rend seen in colloids. In the properties last mentioned it suggests 
a distant analogy to gum incompletely dried, to glue or any other firm jelly. 

Ice further appears to be of the class of adhesive colloids. The reintegration 
(regelation of Faraday) of masses of melting ice when placed in contact has much of a 
colloidal character. A colloidal view of the plasticity of ice. demonstrated in the glacial 
movement will readily develop itself. 

A similar extreme departure from the normal appears to be presented by a colloid 
holding so high a place in its class as albumen. 

In the so-called blood-crystals of Funke, a soft and gelatinous albumenoid body is 
seen to assume a crystalline contour. 

Can any facts more strikingly illustrate the maxim that in nature there are no abrupt 
transitions, and that distinctions of class are never absolute?” 


McGill University, 
November 25, 1925. 
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So 


On reading Bentley’s paper in the National Geographic Magazine (1923), I was 
struck by the fact that his beautiful photographs illustrated several colloidal principles. 
On writing him at Jericho, Vt., I received a copy of his paper in the Monthly Weather 
Review for ; wherein I found reference to a book by Prof Barnes, who kindly 
consented to write up the subject, in which he has long experience. J. A. 
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Dispersed Systems in Astronomy 
By Pror. Henry Norris Russet, Princeton, N. J. 


A chapter on colloids in astronomy, in the stricter sense, would resemble 
the famous one upon the snakes of Ireland—there are none. Dispersed sys- 
tems, of an extreme degree of density, indeed exist, on a grand scale, in 
interplanetary and interstellar space; but the particles are scattered, not in a 
medium of any kind, but in a vacuum far more perfect than has ever been 
attained by artificial means. In such a system, molecular attraction plays 
no sensible part and Brownian movement is replaced by motion in free paths, 
like that of the molecules of a gas. 

Among the more noteworthy of these dispersed systems may be mentioned : 


1. The Zodiacal Light. * 


This faint luminosity in the sky extending along the ecliptic in both di- 
- rections from the Sun, and moving around the heavens everv year with the 
Sun, is generally recognized to represent the reflection of sunlight from a 
multitude of minute particles, forming a vast lenticular swarm, centered on 
the Sun, and extending beyond the Earth’s orbit—so that the light which 
they scatter, though strongest near the Sun,*extends over the whole sky and 
accounts for nearly one-third of the whole light of the sky on a moonless 
night. he 

The amount of material required to do this is minute. Jeffreys1 shows 
that, if the light-scattering material is gas of properties similar to ordinary 
air, the mean density must be of the order 107** gm./cm.’, while the mean 
free path of a molecule would be of the order of 10,000 kilometers—small 
enough to ensure that the assemblage, which is fully 300 million km. in diame- 
ter, could be treated as a gaseous mass. 

If the particles of which the zodiacal light is composed are of more 
than molecular dimensions, their light-scattering power per unit of mass will 
be greater, and even these low estimates of density must be greatly diminished. 


2. The Solar Corona. 


This outer envelope of the Sun, so conspicuous at the time of a total 
eclipse, is also, in all probability, composed of particles which scatter sun- 
light. The unknown “coronium,” which gives the green line in the spectrum, 
is clearly a minor constituent even in the inner corona, and absent in the 
outer regions. In this case it seems certain that the coronal matter must be 
in the gaseous state, for no solid or liquid particles could escape volatilization 
at the high temperature and low pressure which must prevail. 

From the observed brightness, Jeffreys ° estimates that the density is of 
the order of magnitude of 10°’? gm./cm.* near the Sun’s surface, and dimin- 
ishes rapidly upwards. 


* See also paper of W. D. MacMillan, this volume. J. A. 
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3. Comets’ Tails.* 


Comets’ tails afford still another example of a very conspicuous body of 
evanescent density. A multitude of phenomena indicate that they are com- 
posed of matter repelled strongly by the Sun—so that the tail always points 
away from the latter. From observations of “condensations” in the tail, 
which have sometimes been followed for nearly two days, and found to move 
with ever increasing velocity, it is clear that a comet’s tail is rarely, if ever, 
so much as a week old. By that time the flying particles have dispersed so 
far that the stream of light fades away into the sky. 

Spectroscopic observation shows that the luminous material of the tail is 
gaseous. Certain bands produced in carbon monoxide at very low pressure 
being predominant—though the bands of cyanogen, nitrogen, and the “Swan 
spectrum” of carbon appear in the head. Solid particles of diameters com- 
parable with a wave-length of light, may also be present. These, like indi- 
vidual molecules, would be driven away from the Sun by radiation pressure. 
The density of the tail must be exceedingly low. Schwarzschild and Kron ° 
from the observed brightness of the tail of Halley’s Comet compute that the 
mean density must have been 2 & 10°! gm./cm.*, if the particles were 10-* cm. 
in radius, and 4 x 10°°* gm./cm.* if they were of molecular dimensions. In 
the latter case the mean free path would be 10'® cm.—comparable with 
the distances of the nearer stars. 


4. Saturn’s Rings. 


Saturn’s rings are known to be composed of particles which are small 
from the astronomical standpoint; but as there is definite photometric evi- 
dence that their particles are large enough to cast shadows on one another, 
and thickly enough packed (in the brighter portions of the rings) to occupy 
two or three per cent of the volume, the system cannot fairly be called either 
colloidal or dispersed. 


5. Galactic Nebulae. 


Hubble’s work has made it quite clear that the brighter spiral nebulae at 
least are aggregations, not of tiny particles, but of stars; but the galactic 
nebulae, which lie at distances of thousands of light years (rather than mil- 
lions) show good evidence of being dispersed systems. The immense dark 
nebulae which obscure the Milky Way in various regions appear to be clouds 
of matter, interposed between us and the more distant stars. It is easy to 
show that, for equal masses, fine dust, of diameter a few millionths of an 
inch, would be vastly more effective in forming such clouds than would either 
larger or smaller particles,j and it is very probable that such dust is mainly 
responsible for the obscuration. The dimensions of these clouds are measur- 
able in light years. Their densities are probably very low. On the assump- 
tion that a dark cloud observed by Barnard is held together by its own 
gravitation, the writer has estimated * that the total mass is some 60 times 
that of the Sun. As the diameter of the cloud is of the order of a parsec 
(3 * 10'8 cm.), its mean density comes out of the order of 10-?° gm./cm.°. 
The luminous galactic nebulae, as Hubble has shown,® can in practically all 
cases be associated with bright stars, which appear to be the primary source 
of the luminosity. If the associated star has a lower surface temperature than 


*See p. 25. Also J. Alexander, “Colloid Chemistry” (1924), p. 59. J. A. 
+ Escaping steam shows this well. J. A. 
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that of spectral class Bl (probably about 20,000°) the nebula shows a con- 
tinuous spectrum, if the star is hotter, a gaseous spectrum. In either case, 
the visible nebula appears to be a surface phenomenon—either a superficial 
illumination of a more extensive, and otherwise dark, nebula by the star’s 
light, or a superficial fluorescence of the nebula, under the stimulus of its 
radiation. 

To sum up: Many exceedingly dispersed systems are revealed by astro- 
nomic observation, always by the property of absorbing light, scattering light, or 
emitting fluorescent light. In most cases the probable density is amazingly 
low—corresponding often to less than a single molecule per cubic millimeter— 
and the particles, whether of molecular or greater size, must be moving as 
independent bodies, with only rare collisions. Gravitation is the only known 
concentrating force; radiation pressure the principal known dispersive force. 
Though hardly colloidal in the proper sense, these systems present many 
unsolved problems for future study. 
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The Planetesimal Hypothesis 


By Pror. W. D. MacMittan, 
University of Chicago 


About the beginning of the present century it was found by T. C. Cham- 

berlin and F. R. Moulton, of the University of Chicago that the nebular 
hypothesis of Laplace as to the origin of our planetary system, which had 
been current, almost universally, during the nineteenth century, was seriously 
out of harmony with the evidence of geology and with the dynamical implica- 
tions of astronomy. Laplace had appealed to the principle of rotational insta- 
bility in the nebula which he supposed had condensed into our present sun, 
Rings were abandoned in the process of contraction and our present system 
of planets was formed from the break up of these rings. In 1854 Helmholtz 
showed that in this process of contraction sufficient heat would be generated 
to last the sun, at its present rate of radiation, for 20,000,000 years; and Helm- 
holtz’ contribution added greatly to the strength of the hypothesis of Laplace, 
so that it maintained its currency into the early years of the present century. 
The criticisms brought against it, however, seem to be fatal and it is now 
quite generally abandoned. 
_ In offering the planetesimal hypothesis of the origin of our planetary system 
Chamberlin and Moulton have appealed to a new principle, namely, dynamic 
encounter of our stn with another star; not in the nature of a collision, but 
merely in a close approach. The expectancy of the sun for such a close 
approach is one in four million billion (4  10*°) years, if by the word “close” 
we mean the distance from the earth to the sun, one astronomical unit. With 
the ideas prevailing at the beginning of the present century as to the order of 
astronomical time (not exceeding perhaps one hundred million years) this 
small expectancy seemed to make the postulated encounter highly improbable, 
so that if it occurred it was highly accidental. It was only a decade, however, 
until the methods of radioactivity showed that in the oldest known geological 
strata there are rocks fifteen hundred million years old and therefore the earth 
is at least that old. The ideas as to astronomical time, too, have expanded 
enormously, so that what seemed highly improbable twenty-five years ago, now 
seems inevitable. The galaxy of stars is certainly many eons old, if by an 
“eon” we mean a million billion (10**) years. In sufficiently long intervals 
of time the close approaches of stars become certainties. 

Perhaps ten or twenty billion years ago our sun, then very similar to what 
it is today, passed close to another star; the two stars moving in hyperbolic 
orbits about their common center of gravity. Vast tides were raised upon the 
sun by the visiting star; the internal activities of the sun which are now mani- 
fested by sun spots and prominences were enormously stimulated so that 
streams of matter were ejected by the sun both in the general direction of the 
star and in the opposite direction. Most of this ejected material soon fell 
back upon the sun, some was ejected so far that it was lost to the system 
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altogether, while a small portion equal to % of 1 per cent of the total mass of 
the sun was deflected from its radial motion by the attraction of the visiting 
star, and commenced to move about the sun in highly eccentric orbits in the 
same direction in which the visiting star was moving. The duration of the 
star’s “visit” was brief, perhaps a few months, and when it had passed on its 
way the sun returned to its original state, except for the matter which had 
been torn from it and which was circulating about it, all moving in the same 
general direction. 

The ejection of this material was explosive in its nature, so that it was not 
uniformly distributed.* It was almost purely gaseous at the time of its ejec- 
tion, so that, in accordance with the laws of gases, a rapid dispersion of it 
began save for a few large masses, from somewhat smaller than the earth and 
upward, in which the gravitational attraction was sufficiently strong to prevent 
gaseous dissipation. These larger masses served as nuclei for the sweeping up 
and gathering in of the free atoms and molecules and even larger masses which 
were incorporated into their own substance, and in the course of time developed 
into our present system of planets. In accordance with known dynamical 
principles this integration process diminished both the eccentricity of the orbits 
and their inclination to the plane of the visiting star, thus accounting for the 
main facts that all of the planets move in the same direction about the sun in 
orbits which are nearly circular and but little inclined to the plane of the 
ecliptic. 

In the smaller masses the process of dissipation began at once, but the rate 
of dissipation was slower as the mass was larger. The delay in dissipation 
resulted in a process of condensation from a purely gaseous state to a mixture 
of gases and minute particles in a colloidal state. Colloids, however, do not 
obey the laws of gases, so that even with masses which were too small to 
resist gaseous dissipation there was left a residue which eventually consoli- 
dated with sufficient gravitative power to hold together and perhaps even to 
grow somewhat by the accretion of colloidal and solid particles drawn in from 
its neighborhood. This process accounts for the existence of the asteroids 
and other small bodies such as the satellites, which if reduced to a gaseous 
state would at once begin to dissipate. 

The dissipated gases could not, however, escape from the control of the 
sun. They remained in its neighborhood, and notwithstanding their orbital 
motion about the sun, a process of atomic and molecular integration must soon 
have brought some of it to a colloidal state; a state which was helpful to the 
growth of the smaller bodies which could hold the colloids but not the gases. 
This differentiation is helpful in understanding why the smaller planets are 
conspicuously heavier than the larger ones. The process of sweeping up the 
gaseous and colloidal matter in the neighborhood of the sun, and therefore 
the growth of the planets, is essentially complete at the present time, the 
zodiacal light alone remaining as a witness of the past. 

If two or more nuclei had been ejected simultaneously from the sun at 
about the same speed, the smaller ones would become the satellites of the 
larger ones, and this accounts well for the satellites of Uranus and Neptune 
and the forward moving satellites of Saturn and Jupiter. There is a possibility 
in the early stages of the process, of the capture of asteroids and the conver- 
sion of them into satellites ; and this may account for those satellites which have 
years as Mt pete (ilartinigd)swherd duc toute eee ey Be ee BF thie, oe ieee 


Lilliputian outbursts. Nelson, State Geologist of Tennessee, estimates t i i 
} ) ae : s th i 
his State spit up about 50 cubic miles of material. J. A : ae ae ea 
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a backward motion and even for our own moon which is, in some ways, an 
extraordinary satellite.* 

The planetesimal hypothesis accounts well for the general features of our 
solar system and is in absolute conflict with none of them. It has the confi- 
dence of a large body of astronomers and geologists at the present time. 


* For further details see T. C. Chamberlin, The Origin of the Earth; F. R. Moulton, Introduction 
to Astronomy. 


A more complete exposition of Prof. MacMillan’s views, including mathematical 
treatment and a discussion of the regeneration of matter from energy in space, is to be 
found in Science, 1925. 

Dr. Otto Struve, of Yerkes Observatory, has recently found evidence of finely divided 
calcium clouds; some forming an envelope of glowing stellar mist about a star system, 
others existing as free clouds without visible stars. 

Prof. L. Vegard’s view that the green color of the aurora borealis is due to the 
effect of solar emission on frozen nitrogen crystals floating above the atmosphere, was 
modified by Prof. J. C. McLennan, who showed that the color is probably due to’a 
mixture of helium and oxygen. The existence of colloidal particles at such heights 
and at such temperatures, seems not improbable; and they conceivably have something 


to do with the so-called Heaviside layer and with the radio phenomena associated with 
Mea i. oA 


The Thermal Chemistry of Colloids 


By Pror, FREDERICK L. BRowNE AND Pror. J. Howarp MATHEws, 
University of Wisconsin, Madison, Wis. 


The quantitative study of the heat effects involved in the processes of solu- 
tion has played an essential part in the theory of solution. In a similar way 
an accurate knowledge of the thermal changes accompanying colloidal phe- 
nomena is required for a thorough development of the theory of the subject. 
The earliest workers evidently realized this, for we find Selmi,>* Graham,*® 
and Linder and Picton” all remarking that little or no temperature change 
accompanies the peptization and coagulation of hydrosols of sulfur, Prussian 
blue, arsenous sulfide, and ferric oxide. For example, Graham says, “the 
phenomena of the solution of a salt or crystalloid probably all appear in the 
solution of a colloid, but greatly reduced in degree. The change of tempera- 
ture usually occurring in the act of solution becomes barely perceptible.” 

In spite of the early interest in this branch of the subject, however, it 
has received very inadequate attention from the experimental standpoint and 
practically none from the theoretical. A number of scattered papers have 
been published on various phases of the problem but most of them belong to 
the older literature and are chiefly of historical interest because essential 
portions of the data are lacking. In particular the significant rdle played by 
the small amounts of soluble “impurities” present in the colloids has not been 
sufficiently appreciated until recently. The present chapter cannot pretend 
to cover the thermal aspects of colloidal behavior in a systematic way, but 
can only review the present state of our knowledge of the subject in the 
hope that it may provoke a more active pursuit of the necessary experimental 
evidence for which the development of the theory must wait. 


Tue Heat or WETTING oF SoLips By LiQuIDs 


In 1822 Pouillet* observed that heat is evolved when finely powdered 
solids are wet by liquids, resulting in a rise in the temperature of the 
mixture. He used four liquids, water, oil, alcohol, and ether, with a wide 
variety of solids. With inorganic substances such as metals, oxides, glass, 
porcelain, silica, and sulfur he obtained temperature changes of 0.16° to 
0.94°, while with organic materials such as carbon, starch, flour, grains, hair, 
cotton, silk, and animal membranes effects as great as 10° were produced. 
The different liquids showed no marked differences in behavior. He 
attributed the heat effects to physical phenomena connected with capillarity 
and ascribed the larger values with the organic substances to their greater 
surface. While this is probably true to a considerable extent we now know 
that with the latter, heats of swelling and of solution of soluble impurities 
played important parts. 

The subject appears to have received little further attention for over 
thirty years until Tate* noted a rise in temperature of 5° when unsized 
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Solid 
Silica, well dried 


y well dried 


“~~ 0.00025 cm. diam. 


_ “0.00040 “ 
“ 0.0005 “cc “ce 


Quartz sand 
Clay loam 
Silica 


Clay 
Silica 0.0005 cm. 


“ 


“ 


Charcoal 


, animal 
, sugar 
, bone 


Wood 


Dextrin 
Magnesium oxide 
“ “cc 


Aluminum oxide 
Manganese dioxide 
Ferric oxide 
Barium carbonate 
Lead oxide 
Calcium sulfate 
Barium sulfate 

“ce ‘ 

“ce “ 


Lead sulfate 


TABLE I 


Liquid Heat of Wetting 
Water 13.23 cal./g. 
.. 3.80 
be 19.00 
ve 26.00 
os 0.616 
Wy 11.40 
x 7.15 
S 13.80 
s 6.90 
oe 0.89 
0.24 
Hy 15.30 
Alcohol 14.70 
Amy] alcohol 13.50 
Acetic acid 13.50 
Ether 8.40 
CS. 3.60 
Amyl alcohol 2.80 
Glycerine 0.80 
Water | 19.22 
Alcohol 22.63 
Benzene 11.13 
CCl 8.42 
Aniline 17.54 
Water 0.00 
re 2.98 
s 442.80 
Ligroin 97.20 
Water 12.60 
Nitrobenzene eZ 
Toluene 9.61 
Benzene 4.06 
Pyridine 11.84 
Water 7.425 
ss 14.23 
s 2.35 
fe 3.90 
“6 18.50 
Water 11.54 to 19.64 
Creosote 5.02 
Turpentine 2.31 
Water 16.40 
s 1.60 
Amyl alcohol 0.8 
Water 1.16 deg. rise 
“ 0.47 “ 
“ 0. 12 “ “ 
“ 0.10 6c “ 
“cc 0.08 “cc “ec 
““ 0.05 “ “ce 
“ 0. 00 “ ce 


Ligroin 
Water 
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13.50 cal./g. 
0.00 
0.00 


Observer 


Ercolini * 
Meissner ™ 
Martini * 
Bellati and 
Finazzi * 
Schwalbe * 
Parks * 


Linebarger * 
“cc 
Parks * 
“ 


Gaudechon ™ 


Meissner * 
“ 


Patrick and 
Grimm ” 
Patrick and 
Grimm 
Patrick and 
Grimm 
Patrick and 
Grimm 
Patrick and 
Grimm 
Bouyoucos * 
“ 


Gaudechon ™ 
Linebarger * 
“ 


“ 

“ 
Chappuis ° 
Ercolini * 
Meissner * 
Gaudechon ™ 
Harkins and 


iti 


Sprockhoff ” 
Meissner ™ 
iT 3 


Bouyoucos ™ 
“ 


Koehler and 


Mathews * 


1886 


1921 


1918 


1918 


1924 
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paper wrapped about the bulb of a thermometer was dipped in water. He 
concluded that “this change of specific heat which always takes place during 
the process of absorption is doubtless indicative of chemical action. The 
discussion concerning the causes of the heat of wetting thus started gave rise 
to a number of researches, but we are still very far from a complete under- 
standing of the subject. 

Some of the results obtained by different investigators have been collected 
and appear in Table I. me 

With the exception of the observations of Bouyoucos on silica the results 
of the different observers are reasonably consistent and show quite clearly 
that there is generally an evolution of heat when a solid is wet by a liquid. 
The magnitude of the heat effect varies both with the nature of the solid 
and of the liquid, being very small in some cases. The greater part of the 
heat effect is involved in the taking up of those first small portions of the 
liquid which are later removed with great difficulty. The heat of wetting 1s 
greater the greater the specific surface of the solid. 

A number of theories have been advanced to account for the heat of 
wetting. We have already mentioned Tate’s suggestion that chemical action 
takes place at the interface. Obviously this view did not prove very useful 
in dealing with so many substances between which no chemical reactions in 
the ordinary sense are known. Maschke’ attempted to account for it on the 
basis of friction between the liquid and the solid and Meissner *' agreed 
that this might explain it in part. 

Rose ® concluded that solids condense a layer of water under compression 
at their surface, from the fact that on determining the density by means of a 
pycnometer he obtained higher results the more finely divided the solid. 
This hypothesis was adopted by Jungk* to account for the heat of wetting 
as the heat of compression of this layer of adsorbed water. Since on com- 
pression water evolves heat above 4° and absorbs it below that temperature 
it follows that the heat of wetting at 0° should be negative. Jungk found 
this to be the case with sand and water. Following this view Melsens ® 
computed the magnitude of the force of compression, using Regnault’s values 
for the heat of compression. He found that the adsorbed water on charcoal 
is under a pressure of 893 atmospheres, alcohol 3080, ether 4620, carbon 
bisulfide 13090, and bromine 23100. Similarly Lagergren** found a pres- 
sure of over 6000 atmospheres for silica and water. 

Meissner * objected to the compression theory because he found, con- 
trary to Jungk’s report, that the heat of wetting of silica with water is posi- 
tive at temperatures below 4° as well as above. It was later pointed out 
by Parks,’* however, that the temperature of maximum density of water 
falls to O° at 200 atmospheres pressure; hence if the adsorbed film is under 
greater compression than 200 atmospheres the heat of wetting must always 
be positive. The reason for the apparent discrepancy in the observations of 
Jungk and of Meissner was found by Bellati*® to be due to the fact that 
the latter used carefully dried silica whereas the sand used by the former 
probably contained a small amount of moisture to begin with. Bellati found 
that the heat of wetting of dry sand is positive at either 0° or 8°, but if 
the original moisture content is greater than 1.4 per cent it is positive at 8° 
and negative at 0°. These observations are in line with the compression 
theory if the adsorbed layer is more than one molecule deep and the pressure 
falls off rapidly from the surface to the normal pressure within the liquid. 

Schwalbe more recently studied the heat of wetting of sand with water 
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at temperatures above and below 4°, finding a considerable evolution of heat 
at temperatures above this limit and no effect at 4°. When water was added 
to sand below 4° there was at first a slight evolution of heat, followed by 
a somewhat greater absorption so that the net effect was a slight negative 
value. To account for the preliminary warming he assumed that a layer 
of air is first imprisoned about the particles and compressed, causing the 
rise in temperature. When this air is displaced by water, the absorption 
of heat takes place. That this conception is not entirely impossible is shown 
_ by the observations of Masson ** on the wetting of cotton wool, which will 
be discussed later on. Schwalbe also found that the largest portion of the 
heat effect is involved with the first portions taken up and rapidly falls off 
_ to zero when a certain proportion of water has been taken up. The amount 
of water required for the complete development of the heat effect varied 
widely with different sands, from 0.15 gram water per gram of sand in one case 
to over 1.8 gram in another. This he ascribed to differences in the specific 
surface. 

Lamb and Coolidge *° have recently had much success with the compres- 
sion theory in explaining the heat of wetting of charcoal by various vapors 
and find that the pressure on the adsorbed liquid is of the order of 37,000 
atmospheres. 

Martini*® was unwilling to admit pressures of several thousand atmos- 
pheres in the layer of water adsorbed on silica and instead adopted the solid 
solution theory first proposed by Cantoni.6 He reasoned that just as solids 
are dissolved by liquids and thereby become liquid, so water may be dis- 
solved by silica and thereby become solid. The heat of wetting is then the 
heat of solidification of the water. -More recently Bouyoucos ** has also 
adopted this point of view. He found that the heats of wetting of a large 
number of soils parallel the amount of water retained by the soil which fails 
to expand as though freezing when cooled to — 78°. ‘The latter measure- 
ments were made in the dilatometer. Both the heat of wetting and the 
amount of water failing to freeze increase with the colloidality of the soil. 
He therefore concluded that a part of the water in the soil is in the solid 
state to begin with.* Beadle** and Masson ** regard the water absorbed 
by cotton wool as being held in solid solution. Masson computed that the 
water film, if held at the surface, would be 15.10°° cm. thick, which seemed 
unreasonable to him. 

But Bellati1® showed, by direct determination of the specific heat of silica 
containing varying amounts of water from,8 to 25 per cent, that the water 
present always has a specific heat of 1 instead of 0.5 as would be expected 
if it were in the solid condition. 

The solid solution theory does not indicate any connection between the 
heat of wetting and the specific surface of the solid, whereas with either 
the compression theory or the surface energy theory, to be discussed later, 
the heat of wetting must be greater the greater the specific surface. Martini '* 
stated that with silica and water the fineness of the powder is without in- 
fluence on the result. More careful studies by Linebarger ** and by Parks,*® 
however, showed that the heat effect is greater with finer particles. Their 
results are given in Table I.. Parks’ results are probably the more reliable 
and merit further consideration. They are given in greater detail in Table II. 

*Tf the cumpression theory is correct and the adsorbed water is much more dense than water 
at one atmosphere pressure, Bouyoucos’ calculation of the amount of water freezing from the con- 


traction in volume would be in error in such a direction as to indicate that less water had undergone 
a change in state than was actually the case. 
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TABLE II 
Heat or WettInGc PER Unit or SURFACE AREA 


; Diameter of Area of Pat Z ee of carr ss é 
i i - er 5 
Kind of Silica Agee le face om SiO» Surface 
Precipitated winds crrihicss (age 0.00025 cm. 10,900 cm2 11.40 cal. 0.00105 cal. 
bie cee oni poe (4 0.00040 6,820 fil) 0.00105 
Sanditenwier caste ce oente centiers 2.6 0.010 231 0.24 0.0010 
Glass’ ewoollnan senators i 0.00175 874 0.89 0.0011 


He found the heat of wetting to amount to 0.00105 calories per sq. cm. of 
surface for particles varying 40 times in relative size. The heat of wetting 
of glass wool was the same as that of silica. In this case he computed that 
the heat effect is confined to a layer of water 13.3.10° cm. thick because 
3.37 grams took up 0.0388 gram water from saturated aqueous vapor and 
thereafter showed no heat of wetting on submerging in water. 

Bellati and Finazzi 1° studied the heat of wetting of samples of silica hav- 
ing varying moisture content, obtaining the results given in Table III, columns 


TABLE III 
Heat or WETTING oF SILICA OF VARYING MotstuRE CoNTENT 
(a) (b) (c). dy (e) (£) 
Per Cent Cal./G. Calories Cale e105¢ Call <10™* 5 Cal. /Cnai2/ Cnr: 
0.00 (26) extrapolated 
2.38 18.29 7.71 0.95 3.08 325.0 
35) 12.33 13.77 2.14 EEG! 258.0 
8.59 9.17 16.83 3.44 6.73 185.0 
12.92 7.61 18.39 5.17 7.36 142.0 
18.83 6.50 19.50 5) 7.80 106.0 
27.36 5.25 20.75 10.94 8.30 75.8 
39.95 3.70 22.30 15.98 8.92 55.8 
46.35 2.94 23.06 18.54 9.22 49.7 
56.48 1.66 24.34 22.59 9.74 43.0 
64.78 0.90 25.10 25.91 10.04 38.6 
76.94 0.19 25.81 30.78 10.32 33.6 


(a) Percentage of water in the silica. 

(b) Observed heat of wetting, calories per g. silica. 

(c) Heat evolved when dry silica takes up the amount of moisture indicated in column 
(a), that is, 26-(b). 

(d) Thickness of film of adsorbed water. The total surface is computed by taking the 
heat of wetting of dry silica eon Table IT to be 0.00105 cal. per cm.?, whence for 
this silica 26/0.00105 gives 25000 cm.” per g. The thickness of the water film is 
therefore 0.01(a) /25000. 

(e) Heat evolved per cm.? of surface, (c)/25000. 

(f) Heat evolved per cm.’ of surface by a film 1 cm. thick, (e)/(d). 


(a) and (b). The computations of columns (c) to (f) were made by 
Parks, basing them upon his determination of the heat of wetting per cm.? 
of surface as given in Table II. It will be seen that the heat effect falls off 
rapidly as the thickness of the adsorbed layer increases. This would be ex- 
pected on the basis of the compression theory since we should expect the 
pressure to vary from a maximum immediately at the interface to 1 atmosphere 
at the outside of the adsorbed layer. 

Parks also found that when glass wool is immersed in mercury, heat is 
absorbed. This is not surprising as wetting does not take place in this case, 
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so that the most important factor to consider is the extension of the surface 
of the mercury. 

Koehler *® and Mathews found that there is no heat effect during the 
wetting of lead sulfate with the saturated aqueous solution. The specific 
surface of the lead sulfate varied from 5,842 to 32,400 cm.” per gram. Lead 
sulfate seems to be much less readily wet by water than by oils because it 
was found that if the material was washed with laboratory distilled water 
which was known to contain minute traces of lubricating oil it could not be 
satisfactorily wet on submerging in water. Other lead compounds behave 
similarly, for example in the manufacture of basic carbonate white lead the 
water is displaced from the pulp lead on adding the linseed oil. 

Gaudechon *! considers the heat of wetting to be due to association or 
polymerization of the molecules of the liquid in contact with the solid. In 
support of this view he cites his data for the heat of wetting of silica, clay, 
starch, and charcoal with 16 liquids. He found a very rough parallelism 
between the heat of wetting and the constant K in the E6tvés formula and 
LM/K of the Pictet-Trouton relation. Apparently those liquids such as 
water and the alcohols which readily associate give high values for the heat 
of wetting. It should be noted that this apparent relationship would hold if 
we consider the heat of wetting to be due to changes in the surface energies 
of the system. 

As we have already mentioned, Pouillet held that the heat of wetting is 
a surface phenomenon connected with capillarity. However, until within the 
last few years no further attention has been paid to this point of view ex- 
cept for a passing comment by Meissner. The latter dismissed the surface 
consideration with the remark that the increase in the surface of the water 
would absorb heat instead of evolving it, forgetting that at the same time 
the large potential energy of the solid-air interface is replaced by the solid- 
liquid interface. 

Patrick and Grimm ?° have considered the heat of wetting of silica gel from 
the standpoint of the surface energy changes involved. They distinguish be- 
tween capillary adsorption and adsorption on a plane surface. The initial 
film of adsorbed liquid is admitted to be under compression, but is held to 
‘be negligible in amount as compared with the total condensation in a solid 
having capillary structure. The silica gel contained several per cent of water 
and is believed to consist of an agglomeration of silica nuclei, each particle 
being surrounded with an envelope of water. Therefore the gel is regarded 
as exhibiting an enormous water surface which is the seat of considerable 
energy. When this material is immersed in water the surface mentioned above 
disappears, due to the fact that a water-water interface cannot exist. When, 
on the other hand, the gel is wetted by a liquid such as benzene the total 
surface undergoes no diminution in area, but the surface energy is greatly 
decreased due to the diminution of the interfacial tension. At the same time 
an amount of heat is set free equivalent to the decrease in surface energy, 
thus accounting for the heat of wetting. 

Patrick and Grimm obtained the following values for the heat of wetting 
of silica gel with liquids: 


WEN EGit. hy aecceiend cor eeichtac OED GG ORO na ao mee 19.22 calories per g. 
Mahl Aue «A smontioomacoonaosddocoor 22.63 ss he 
TSCLIZCN MER te ra ise ese sie nrafel ele sto.s'c 11.13 ee 
Garbonmtettachloridewerccminsecs iss + « 8.42 e cake 


INI NEO. 6 c.h100.00 08 BRD B EDU BOOB UOUOROIEGe 17.54 “ a 
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The total surface energy of the water interface is 
E = oo — me = 117.08 ergs per cm. at 25°. 


The surface that one gram of gel must possess to account for the heat of 
wetting on the basis of this theory is therefore 


19.22 x 4.182 107 
=F 117.08 


Zsigmondy observed particles of the order of 5 pp in silica gel. If the density 
of the gel is 2 the surface of 1 gram would be 


3 X 0.5 
amy MO 


which agrees very nicely with the theory. In a similar way it is computed 
that the total surface energy of 1 cm.? of a water-benzene interface is 51.66 
ergs, hence the heat of wetting by benzene is 117.08 — 51.66 or 65.42 ergs 
per cm.? Assuming the above value for the surface area of the gel the heat 
of wetting per gram is 


65.427 6.9 710° 
4.128 X 10° 


agreeing with the value of 11.13 calories observed. For carbon tetrachloride 
the calculated yalue is 7.10 as compared with 8.42 observed and for aniline 
16.56 compared to 17.54 observed. The high value of the heat of wetting 
with alcohol is not so satisfactorily accounted for, but the authors promise to 
give more attention to it in a future publication. 

Harkins and Ewing ** have obtained direct experimental evidence of the 
compression of the layer of liquid adsorbed on a solid in the case of activated 
charcoal and organic liquids. They find that the apparent density of the 
charcoal as determined in the presence of the various liquids varies very 
widely. No relation between the apparent density and the size of the mole- 


== (0) SK OY Caere 


== Ore Lee Cine 


= 10.74 calories, 


cule of the liquid or the ratio of the surface tension to the viscosity of the 


liquid was found, hence it is concluded that the discrepancies cannot be ex- 
plained on the ground of differences in the completeness of filling of the finest 
capillaries by the liquids. Since the apparent density increased in the order 


of increasing, compressibility of the liquids it seems evident that the liquids — 


are compressed at the interface. The attractive force between the charcoal 
and the various liquids is shown to be constant and of the order of 30 or 40 
thousand atmospheres, in agreement with the findings of Lamb and Coolidge.*° 
It is pointed out that experiments on the internal pressure of liquids have 
not succeeded in demonstrating pressures higher than 72 atmospheres. 

Harkins and Ewing derive the heat of adsorption of a liquid by a solid 
from surface energy considerations as follows. If we consider that the solid 
is immersed in the liquid in such a way as not to increase materially the 
surface of the liquid against air (or more strictly against its vapor), the net 
result is that the surface of the solid is replaced by a solid-liquid interface. 
The heat of adsorption, — Qa, is then equal to the total amount of energy 
given off in the process when carried out isothermally, Eg, or 


—Q,.=L=E£E,— EE; 


eee een 
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where E, and F; are respectively the total energies of the solid surface and 
of the interface. Since, further, the total energy of a surface is equal to the 
free surface energy, y, plus the latent heat of the surface, — som 
aa Os OG | 
ag Sarees Loe vit Dap. 
The heat of adsorption of a liquid on a solid has always been found to be 
“positive, indicating that the total surface energy of the solid is greater than 
that of the interface. For the adsorption of one liquid by another it is 
also generally found that the heat effect is positive, but there are cases in 
which it is negative. 
The total adhesional energy is always greater than the energy of adsorp- 
tion and may be expressed as 


—QO4= Ean =E;+ £1 — Ei 


since in this case we consider the surfaces of the two phases to be already 
in existence before contact is made, and both surface energies vanish and 
are replaced by the interfacial energy. Likewise the heat of spreading of a 
liquid over a solid, whereby the solid surface disappears to be replaced by a 
solid-liquid interface plus a liquid surface, is given by 


-. OQ-sp = yy da Ce, oy aye 
The heat of adsorption of a saturated vapor is 
—QO,=F,— Ei +hv 


where — Q, is the heat of adsorption of enough vapor to form a liquid in 
bulk covering the solid surface at constant temperature, and A is the latent 
heat absorbed in the vaporization of the liquid per unit volume of vapor and wv 
the volume of vapor adsorbed. It is assumed here that the area of the sur- 
face of the liquid formed is negligible in comparison with the area of the 
interface. 

The equation for the heat of adsorption or heat of wetting derived by 
Harkins and Ewing, as described above, permits of an interesting deduction 
regarding the temperature coefficient of the heat of wetting. 


d(— Qs) _ d dYs ad ( a) 
ise AM a OF aT Ni ! or 


: ae 0? : 
Now for a liquid not too close to its critical temperature a =") ssince the 
v,— T curve is a straight line. If the same is true for the ys — 7 and yi — T 
curves, 

ai 


and the heat of wetting is independent of the temperature. 
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HEAT oF ADSORPTION OF VAPORS BY SOLIDS 


De Saussure 2° in 1814 first observed that heat is evolved when boxwood 
charcoal, which had been previously heated to redness and cooled under mer- 
cury to exclude air, is allowed to adsorb various gases. 

It has long been recognized that a large part of the heat evolved during the 
capillary adsorption of vapors by porous solids is the heat of liquefaction of 
the gas. That the adsorbed vapor exists in the liquid state is indicated in the 
first place by the large volume condensed and in the second place by the fact 
that the heat of adsorption always exceeds the heat of liquefaction. This is 
illustrated by the data of Favre * given in Table IV. The values given in 
parentheses are supplied by Bancroft [“Applied Colloid Chemistry,” p. 26]. 


TABLE, LV; 
HEAT oF ADSORPTION OF GASES 
Heat of Adsorption Heat ofLiquefaction 
Adsorbent Gas Cal. per Mol. of Gas Cal. per Mol. of Gas 
Platinum Hydrogen 46,200 (240) 
Palladium Hydrogen 18,000 (240) 
Charcoal Ammonia 5,900- 8,500 (5,000) 
ss Carbon dioxide 6,800— 7,800 6,250 (includes 
solidification ) 
af Nitrous oxide 7,000-— 7,700 4,400 
se Sulfur dioxide 10,000-10,900 5,600 
a Hydrogen chloride 9,200-10,200 (3,600) 
os Hydrogen bromide 15,200-15,800 (4,000) 
ss Hydrogen iodide 21,000-23,000 (4,400) 


In the cases of hydrogen on platinum and palladium the heat effects re- 
corded by Favre are probably due in part to oxidation by traces of oxygen 
that cannot be readily removed. The above values are for the heat liberated 
when the adsorbent takes up the gas to saturation. The heat effect is greater 
for the first portions taken up than for the last, indicating that the first por- 
tions are held under greater compression than the last, according to Favre. 

Chappuis *? obtained results quite in agreement with those of Favre. He 
pointed out that the excess heat effect over that required for liquefaction is 
the heat of wetting as observed by Pouillet. Titoff ** more recently obtained 
similar results and Dewar *° found similar conditions to hold at — 185°. 

Lamb and Coolidge *° have made an extensive investigation of the heat of 
adsorption of a number of vapors on activated charcoal at 0° and find that the 
heat effect may be represented by the equation 


h= mx" 


where /t is the heat of adsorption per gram of charcoal, x the volume of vapor 
adsorbed, and m and 7 are constants. Their results are given in Table V. 

There is a close parallel between the value of 1—~n and the boiling point 
of the liquid. For gases far from the boiling point the heat of adsorption per 
unit amount of gas adsorbed decreases only slightly as the adsorption pro- 
ceeds, but with gases near the boiling point it falls off more rapidly. 

Lamb and Coolidge regard the heat effect as due to two factors, the heat 
of liquefaction of the gas and the heat effect due to further compression of 
this liquid by the adhesive forces of the adsorbent. The latter, or net heat 
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TABLE V 
Heat or ADSORPTION OF VAPORS BY CHARCOAL 
h Hin HS P; P, 

Liquid n m Kg. Cal. Kg. Cal. per GC. 1000 Atm. 1000 Atm. 
C2H;Cl 0.915 0.7385 12.33 hl 0.0864 8.5 Pas 
CS, 0.9205 0.7525 12.63 5.80 0.0991 13.5 30.2 
CH;0H 0.938 0.742 12.95 3.62 0.0908 12.0 28.9 
C.H;Br 0.900 0.900 14.33 7.48 0.1020 11.9 29.2 
2H,I 0.956 0.737 14.25 6.44 0.0815 11.0 26.1 
GEG 0.935 0.8285 14.93 6.93 0.0875 12.3 om 
HCOOC.Hs 0.9075 0.944 15.42 7.04 0.0901 10.3 — 
CeHe 959 0.774 15.17 7.36 0.0850 ILS) — 
C:H;OH 0.928 0.871 14.98 4.33 0.0768 11.6 28.2 
CCh 0.930 0.893 16.09 8.09 0.0856 ES — 
(C2Hs) 20 0.9215 0.917 16.09 9.19 0.0803 8.3 26.9 
3 0.695 223 13.4 2.87 0.105 — — 


(Data for NH; taken from Chappuis.) 


of adsorption, is equal to the heat of wetting at the saturation pressure of the 
liquid. In the fourth column headed hm are given the values for the molecular 
heat of adsorption when 1 c.c. of the liquid is adsorbed by 10 grams of the 
charcoal. Subtracting the molecular heats of vaporization leaves the values 
for the net molecular heats of adsorption, Hm, for 1 c.c. of the liquid adsorbed 
by 10 grams of charcoal. It will be seen that these are of the same general 
order of magnitude as the heats of vaporization. When the net molecular heat 
of adsorption is divided by the molecular volume of the liquid at 0° we obtain 
the net heats of adsorption per c.c. of liquid, Hm per c.c. These values are 
nearly the same for all the liquids. The heats of compression of the liquids 
can be computed from the thermal dilatation. When the net heats of adsorp- 
tion per c.c, are divided by the heats of compression per atmosphere per degree 
we get the force of compression, P,, under which the liquid exists in the 
adsorbed layer. These prove to be reasonably constant. If we use the ex- 
perimentally determined values of the heats of compression up to 12,000 atmos- 
pheres, obtained by extrapolating Bridgeman’s results, we arrive at the much 
more accurate pressures P,. These prove to be more nearly constant. This 
is still not quite accurate as the pressures prove to be greater than the 12,000 
atmospheres which is the limit of Bridgeman’s data. The actual compression 
must be about 37,000 atmospheres, as nearly as can be estimated. The thick- 
ness of the layer of adsorbed gas is shown to be many molecules deep, so 
that we are dealing with capillary adsorption rather than mono-molecular 
adsorption. 

Williams *® derived an expression for the heat of adsorption from the 
Clapeyron equation in the following manner. If A», is the heat evolved per 
gram mol of gas adsorbed at constant pressure p and temperature T, and Av 
is the difference in the volume of gas before and after adsorption, 


a apy . (dlogp 
Ip = AoT (Fe) = ised (A Ie 


where a is the number of cc. of gas at normal temperature and pressure ad- 
sorbed by one gram of adsorbent at the pressure p. Now if P is the saturation 
pressure of the adsorbed vapor in liquid form, Ap is the heat of condensation 
of a gram inol of vapor at P and T, and AV the difference in volume of a mol 
of gas and liquid. Then 
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e: dP pes [dlogP 
hp = AVT Ge = RT (jE ) 


Hence if liquid were adsorbed the corresponding heat would be: 


dl P 
N= Ap — Ap = RT? (SER). 


In the experiments of Lamb and Coolidge the heat of adsorption was com- 
posed of two factors of similar order of magnitude, the heat of condensation 
of the vapor and the “net heat of adsorption.” In the case of the adsorption 
of vapors by cotton wool the first factor only seems to be of importance, the 
second being relatively very small. Beadle ** first noted that cotton cellulose 
becomes very much warmer than its surroundings while it is absorbing mois- 
ture from damp air and concluded that the heat effect is due chiefly to 
condensation of the water, but also in part to the formation of a solid solution 
of the water in the cellulose. Masson ** studied the phenomenon in greater 
detail. He wrapped dry cotton wool about the bulb of a thermometer and 
immersed it either in water or in air saturated with water, finding that the 
temperature rose rapidly to a maximum within 2 or 3 minutes in water or 5 
or 6 minutes in air saturated with water vapor, falling off continuously there- 
after for many hours as the cotton continued to take up water. The maximum 
temperature was found to be higher and was attained in a shorter time the 
higher the initial temperature of the cotton and the air. The cotton under 
water presents a glistening appearance because it retains an air film about 
the particles which is essential for the phenomenon. If medicated cotton is 
used, from which the natural wax has been extracted, the amount of air 
retained is very much less, and as a result the rise in temperature is much 
less. If ordinary cotton is submerged in absolute alcohol or if glass wool is 
submerged in water, in which cases no air is retained, the heat of wetting is 
too small to be detected under the conditions of the experiments. The heat 
effect is easily observable, however, when the cotton is placed in air saturated 
with alcohol vapor or glass wool in moist air. The heat effect in these latter 
cases is due chiefly to liquefaction of the water ‘vapor or, in the immersion 
experiments, to distillation across the air film. In the case of glass wool in 
moist air there is involved only a local transfer of heat, which would not be 
noted in calorimetric experiments. The facts that the heat effect is propor- 
tional to the amount of moisture absorbed and amounts to 0.57 calories per 
milligram of water, in agreement with the computed value of 0.576 calories 
liberated when one milligram of water vapor at 25° condenses to liquid at 
37.7° (the conditions of the experiment), confirms this view. Masson agrees 
with Beadle that the water is held in solid solution in the cellulose because 
the amount condensed if adsorbed at the surface would make a film 15 & 10-5 
em. thick, which is very much thicker than Parks 1% found for the water film 
on glass. 

In the adsorption of vapors by charcoal the heat effect per gram of gas 
adsorbed falls off as the adsorption proceeds. We are dealing in these cases 
with capillary adsorption in which the adsorbed film is many molecules thick. 
Favre® found similar conditions to hold true in the adsorption of hydrogen 
by platinum and palladium, but his results are rendered inaccurate by failure 
to remove all the oxygen held by the metals. Mond, Ramsay and Shields *4 
carefully removed all traces of oxygen from their adsorbents and found a value 
of 13,800 calories per gram mol for the adsorption of hydrogen by platinum, 


Poe PHP RMA CUBMISTRY OF COLLOIDS 461 


much lower than the results of Favre. Moreover, they found that the heat 
effect was the same for the last portions taken up as for the first. Beebe and 
‘Taylor ** have recently reported results for the heat of adsorption of hydrogen 
by nickel, finding values varying from 13,500 to 20,500 calories per mol de- 
pending upon the previous history of the adsorbent. As the latent heat of 
vaporization is only about 450 calories per mol it is evident that condensation 
is not the important factor. The heat effect was the same for the last portions 
taken up as for the first. With copper as adsorbent the heat of adsorption 
was found to be 9,600 calories per mol. It appears, therefore, that in the 
adsorption of gases by metals we are generally dealing with monomolecular 
adsorption. 


Tue Heat oF SWELLING 


When the elastic gels such as gelatin, agar, starch, etc., take up water and 
swell there is a marked evolution of heat. The heat of wetting of wood ob- 
served by Dunlap * may be due in whole or in part to this and it entered into 
some of the experiments of Duvernoy,®® to be mentioned later. Wiedeman 
and Liideking first measured the heat of swelling for several substances, find- 
ing it positive for all the gels studied, including gelatin, gum arabic, dextrin, 
and starch. Their work is of historical interest only, however, since the mois- 
ture content and purity of their materials are uncertain. Pascheles *° likewise 
noted that heat is evolved during swelling of a large number of substances in 
water and in glycerine. His materials were washed thoroughly to free them 
from soluble impurities, but the moisture content is still unknown. 

Rodewald *° and Rodewald and Kattein ** found that in the swelling of 
starch by water the heat effect depends upon the original moisture content, 
the largest amount of heat being evolved during the adsorption of the first 
portions of water and then rapidly falling to zero at a moisture content in the 
neighborhood of 30 per cent. The results can be expressed in the form of 


the equation 
cw = log (ro + 7) — log (r +7) 


where 7, is the heat of swelling of dry starch, r that of starch with the mois- 
ture content w, and c andi are constants. The results shown in Table VI were 
obtained with different starches. 
TABLE VI 
HEAT oF SWELLING OF STARCH 


Moisture Content Above 
Which Heat of Swell- 


Kind of Starch t G ing Is Zero 
Riceant Watscleeeisses 2.53 0.0407 26.79 per cent 
WWilved Galt aumiat tie cree 1.39 0.04231 31.63 
INSRONGHON ve ong honde 2.49 0.0371 29.99 
Soltiplemrerer omen totes 1.01 0.0349 43.44 
POtaton wae eee tee 6 2.94 0.02889 37.10 
INSORUKARUN preciosa baka tae 2.95 0.0298 36.12 


The contraction in total volume during swelling was found to be proportional 
to the heat effect. 

Rosenbohm *® made a similar study with gelatin. The dry material evolves 
36.0 calories per gram, on swelling. By measuring the heat effect with gelatin 
of varying moisture content and subtracting each value from 36.0, data were 
»btained for plotting the heat effect when dry gelatin takes up increasing 
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amounts of water. The curve rises linearly to about 32 calories at 22 per cent, 
then more slowly until all the measurable heat has been evolved at 50 per 
cent, although swelling is not complete until 1100 per cent water has been 
taken up. The following values for the heats of swelling of other dry ma- 
terials were observed: 


Ce ee 


gar 
Cellulose (filter paper) enjcciee cists tela ate 9 : 
GCelliulosem (pure) M vecetiat: see ity toe tere 12.9 is # 

OttOMi des Laldaeet neste hate e halse b's le sleters ta piesa. ors 20: Cae . 4 
Paint eee la nema catian crest screenees ee: 17.0 . 4 s 


Rosenbohm concluded that the heat of swelling is not due to capillary absorp- 
tion but is analogous to the heat of hydration of salts. Freundlich [“Kapil- 
larchemie,” ed. 1920, p. 506] considers that the data support the view that 
the heat effect is due to adsorption of water by the gelatin, similarly to the 
heat of wetting, because the heat effect parallels the volume contraction. 

Katz ** plotted curves for the heat of swelling, vapor tension, and volume 
contraction as functions of the amount of water taken up for such gels as 
cellulose, casein, wood fiber, and gelatin and showed that they are analogous 
to the corresponding curves for miscible liquids such as water with sulfuric 
acid, phosphoric acid, and glycerine. He concludes therefore that amorphous 
swelling substances differ from liquids only in viscosity and that swelling is 
due to the formation of a solid solution of water in the imbibing substance. 

Laurie and Ranken *° found that when shellac is boiled in borax solution 
a gel is formed which swells greatly on placing in cold water. Careful experi- 
ments failed to disclose any heat effect accompanying the swelling, but the 
authors pointed out that the heat of swelling might have been counterbalanced 
by a negative heat of solution of inorganic impurities. 

Knoevenagel ** found that the heat of swelling of acetyl-cellulose per mol 
divided by the moles of liquid or liquid mixture imbibed is a constant and is 
the same for alcohol, alcohol-benzene, and nitrobenzene as swelling liquids. 
The value is 0.111 Kg. calories per mol. 


Heat oF ADSORPTION FROM SOLUTION 


Gore ** has made an attempt to study this subject in the case of silica and 
solutions of inorganic salts. He noted qualitatively that the introduction of 
the dry silica into the solution decreases the concentration of the salt in the 
remaining solution and is accompanied by an evolution of heat. The heat 
effect is sometimes less than that with pure water and sometimes more, indi- 
cating that the heat of adsorption, which is the difference between the observed 
heat effect and the heat of wetting, may be positive or negative. 

Kruyt and van der Spek ® added moist charcoal to solutions of crystal 
violet and measured both the heat effect and the amount of adsorption with 
the following results: 


Heat Effect 
Charcoal Heat Change Adsorbed Dye Cal. per Mol. 
Gms. Calories Mgs. Adsorbed Remarks 
5.0 16.58 22 7,500 Soluti i 
50 1694 21 £430 olution not decolorized 
iy ’ 1.54 10,500 Soluti i 
5.0 15.94 154 10'300 arg iid ascend 
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Heat oF CoAGULATION 


The earliest workers in the field of colloid chemistry noted that, in contrast 
to true solutions, little or no change in temperature is to be observed during 
the formation or coagulation of colloidal solutions. Selmi,>* Graham, and 
Linder and Picton *’ all made such observations, although in a later publication 
Graham ** records a rise in temperature of 1.1° during the coagulation of silica 
sol by powdered charcoal. The heat effect may have been due to the wetting 
of the charcoal. 

The first very careful investigation was made by Wiedeman and Liide- 
king ®** who concluded that “the solution of dry colloids consists of two 
processes, (1) hydration with evolution of heat, (2) solution with absorption 
of heat.” ‘Thus, when 2 grams of gelatin were swollen in 10 c.c. of water at 
18.4°, 11.4 calories were evolved. When this gel was then raised to 34° and 
enough water added to form a sol, 7.4 calories were absorbed. Similar results 
were obtained with gum arabic, dextrin and starch. They found that heat 
is absorbed on dissolving the crystalline forms of cane sugar and tartaric acid, 
while with the amorphous forms heat is evolved. Duvernoy °* had previously 
made similar observations. Wiedeman and Ludeking further found an evolu- 
tion of 12 calories per gram when silica sol is coagulated with ammonia. The 
sol contained large amounts of electrolytes, however. Similarly, with egg 
albumin they found an evolution of heat on swelling, absorption on solution, 
and evolution on coagulation with acetic acid. 

Thomsen °° failed to confirm Wiedeman and Lideking’s results with silica 
sol. He found the heat of neutralization with sodium hydroxide to be the 
same whether he started with the sol or with the gel. On spontaneous coagu- 
lation of the sol in the calorimeter he found no heat change. Similarly 
Berthelot © observed no heat effect during the coagulation of colloidal ferric 
oxide. 

Frank ** plotted the time-temperature curve for the cooling and gelation 
of a gelatine sol and found no change in the slope during the transformation, 
from which he concluded that there is no heat effect accompanying the change. 

Prange © prepared a silver sol by the Carey Lea method which contained 
relatively large amounts of electrolytes. On coagulating this with ammonium 
nitrate solution he obtained an evolution of 251 calories per gram of silver 
with a sol containing 1 gram of silver in 2.179 liters of water and 127 calories 
with a sol containing 1 gram of silver in 0.2258 liters. Correction was made 
for the heat of dilution of the ammonium nitrate but not for its heat of mix- 
ing with the electrolytes already present. The latter effect would be ample 
to account for the observed heat evolution. The coagulated silver was then 
washed free from electrolytes and dried. This is a bluish-black powder which 
on treatment with dilute mineral acids is changed to the ordinary gray metallic 
powder. This transformation was found to involve an evolution of 60 
calories per gram. 

Leighton and Mudge ® find that during the coagulation by heat of the 
casein in whole milk or in skim milk there is a marked absorption of heat 
at the instant when visible curd appears which may lower the temperature 
0.05 to 0.1°. By using artificial skim milks, however, it was found that the 
presence of calcium and magnesium salts is necessary for this heat effect and 
that citrates and phosphates also influence it. The heat effects are considered 
to be due to separation of calcium and magnesium citrates and phosphates 
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from the solution during coagulation, the calcium and magnesium previously 
held by the casein entering into this reaction. The absence of heat effect 


during the precipitation of pure calcium caseinate is pointed out also by 


Gayda.*® 
Fricke,®* after showing on the basis of a number of theoretical considera- 


4 


tions that the heat of coagulation of hydrosols must be very small, explains ~ 


the heat effects observed by other workers on the basis of the electrolytes 
present in the sols they used. 

Doerinckel © carried out an elaborate study of the heat of coagulation of 
ferric oxide and silica sols with various electrolytes. His sols contained con- 
siderable quantities of electrolytes, however, as shown by the analyses. In 
all cases he found an evolution of heat of the order of 100 calories per gram 
equivalent of ferric oxide. The magnitude of the heat effect was found to 


Year of Dilution 
calories per g equi of laze 


O69. e9u/v perk ‘ 


Mig. 1—Heat of dilution of ferric oxide sols containing respectively 1.4 and 0.6 g. equiv. 
Fe.O; per liter plotted as a function of the purity. 360 cc. of the sol were diluted 
with 255 cc. of water. 


depend to a very large extent upon the concentration of the precipitant and - 


upon its nature, and to be relatively greater for dilute than for concentrated 
sols. The heat effect was roughly proportional to the amount of precipitant 
adsorbed during the coagulation; but although the adsorption increased on 
continued standing of the coagulum in contact with the liquid, the heat effect 
was complete with the first coagulation. Although he found that sols con- 
taining less electrolytes gave a lesser heat effect, he apparently attached little 
significance to this fact. In making his computations he made corrections 
for the heat of dilution of the coagulant, but did not consider the heat of 
reaction of the electrolytes in the sol with those in the coagulant. The dilution 
of the sol gave no heat effect. 

Doerinckel also found a positive heat of mutual coagulation of ferric oxide 
sol and a silver sol containing a protective colloid of unstated nature. The 
ratio of the amounts of the two sols required for the maximum heat effect, 


THE LAER VAL CHEMISTRY (OF COLLOIDS 465 


did not coincide with the ratio for maximum precipitation. No heat effect 
accompanied mixing of the ferric oxide sol and the protecting colloid. Coagu- 
lation of the silver sol with ammonium nitrate gave a small positive heat effect 
while with aluminum sulfate there was a slight negative effect. With the 
aluminum sulfate solution the protecting colloid gave a marked negative heat 
effect. 

Kruyt and van der Spek ® found that no measurable heat effect accom- 
panies the coagulation of arsenous sulfide sol with potassium chloride or 
-aluminum sulfate. With ferric oxide sol, however, they obtained an evolution 
of heat checking closely with Doerinckel’s results. They too noted that the 
effect is less the lower the content of electrolytes in the sol. They noted also 
that there was an increase in volume during coagulation but no change with 
arsenous sulfide. They considered four possible sources of heat effect during 
coagulation: (1) adsorption of the ions of the coagulant, (2) change in inter- 
facial energy due to decrease in the dispersion, (3) reactions between electro- 
lytes in the sol and in the coagulant, (4) change in the hydration of the colloid 
particles. They concluded that the first would be compensated by the giving 


a0 


8 


Heat of Coagulation 
Colores Per g Epi Fe2Oy 
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Fic. 2.—Heat of coagulation of ferric oxide sols containing 1.0 g. equiv. of FeO: per 
liter with different electrolytes plotted as a function of the purity of the sol. 360 cc. 
of the sol were mixed with 255. cc. of the coagulants. 


up of ions previously adsorbed by the particles in the sol condition, The 
second, assuming an interfacial tension of the order of 10° ergs per square 
centimeter for arsenous sulfide, would be considerable if much change in 
interfacial area takes place during coagulation. The absence of heat effect 
was therefore taken as proof of the view that there is not much change in 
dispersity in the first stages of coagulation at least. The third was excluded 
on the basis of the small amount of electrolyte present in the arsenous sulfide 
sol and it was concluded that the heat effect with ferric oxide was due to its 
emulsoid character and the change in hydration during coagulation. 

Browne and Mathews * made an extended investigation of the heat of 
coagulation of ferric oxide hydrosol with several electrolytes, taking into con- 
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sideration the influence of the peptizing electrolytes in the sol. An adiabatic — 


calorimeter was employed which made it possible to determine the heat effect 


| 


- 
‘ 


within at least one calorie per gram*equivalent of ferric oxide present. The 
sols were prepared by adding ammonium carbonate solution to ferric chloride — 


and dialyzing, portions being withdrawn at intervals for the experiments. In 
this way sols containing varying amounts of peptizing electrolyte were ob- 
tained. The electrolyte content was expressed by the ratio of equivalents 


ferric oxide to equivalents chlorine present, and was referred to as the — 


“purity,” for convenience. 

It was found in the first place that, contrary to the statements of previous 
workers, there is a marked heat effect accompanying the dilution of the ferric 
oxide sols of a purity less than 23, although the sols used by Doerinckel and 
by Kruyt and van der Spek had a much lower purity than this. Fig. 1 


Heat of axing 
. iN 


Fic. 3—Heat of mixing of 255 cc. of the electrolyte solutions used as coagulants with 
360 cc. of ferric chloride solution of varying concentration. 


shows the heat of dilution of sols having a concentration of 1.4 and of 0.6 ~ 


gram equivalents ferric oxide per liter, respectively. It will be seen that 
the heat effect is positive at very low purities, then becomes negative, and 
finally approaches zero. The heat of dilution of solutions of ferric chloride 
is likewise found to be positive at fairly high concentrations and to become 


negative as the dilution increases. When the heat of dilution is plotted against. 


the concentration of chlorine for ferric chloride and the ferric oxide sols 
curves of very similar shape and magnitude are obtained, indicating that the 
heat effect on diluting the sols is due to the electrolytes present. 

In computing the heat effects on coagulation of the sols with electrolytes 
the heats of dilution of the sol and of the electrolyte were deducted When 
this is done we find that the heat effect on coagulation of a ferric oxide sol 
containing 1.0 gram equivalent of ferric oxide per liter with various electro- 
lytes varies considerably with the purity of the sol, as shown in Big 2aAt 
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low purities the heat effect may be positive and fall off rapidly at very high. 
purities, soon falling within the experimental error. This points very strongly 
to the peptizing electrolytes of the sol as the source of the heat effects during 
the coagulation. This view is further strengthened by reference to Fig. 3 
which shows the heat effect on mixing the coagulating electrolytes with solu- 
tions of ferric chloride of varying concentration. Fig. 4 shows the heat of 
coagulation with different concentrations of the coagulants. In each case 
coagulation took place at some concentration between the points marked A 
and B. The shape of the curves and the position of the coagulation point at 
such an inconspicuous part of the curve indicate that the coagulation of the 
sol has no bearing on the production of the heat effect. 

- This work seems to show quite conclusively that there is no heat effect 
accompanying the coagulation of the ferric oxide sol, and that the effects 
observed are due entirely to the electrolytes present. Ferric oxide therefore 
does not differ from arsenous sulfide in its thermal behavior on coagulation, 
the absence of heat effect with the latter being due to the greater purity of 
the sols employed and the nature of the peptizing electrolyte. 


“id a T1OL? 


Caag. 


teat of 


Concentration of Coagulamt 


Fic. 4—Heat of coagulation of ferric oxide sols containing 1.3 g. equiv. FesOs; per liter 
with varying concentrations of electrolytes. Except where stated otherwise the 
purity of the sol was 15. The limiting concentrations for the electrolytes lies 
between the points marked A and B. 

Before the above conclusions could be checked quantitatively it was neces- 
sary to determine the amounts of ferric chloride and of hydrochloric acid in 
ferric oxide sols of different purity. Browne7® accomplished this by means 
of measurements of the chlorine ion activities in the sols, using the concentra- 
tion cell method. It was found that below a purity of about 14 the dispersion 
medium contained both ferric chloride and hydrochloric acid, while above 
this purity it contained neither ferric ion nor hydrogen ion, but still contained 
notable amounts of chloride ion. In other words, the ferric oxide adsorbed 
the ferric and hydrogen ions completely, but not quite all the chloride ions. 
These observations also were checked by the behavior of the sol on dialysis. 

These sols were prepared by the addition of hydrogen peroxide to ferrous 
chloride solution and subsequent dialysis, in order to avoid the production of 
ammonium chloride as a by-product. Finally, Browne"? determined the heat 
of coagulation of such sols with sodium sulfate solution, applying corrections 
for the heats of dilution of the sols and of the coagulant and for the heats of 
mixing of the sodium sulfate with the hydrochloric acid and the ferric chloride 
present. This gave the data of Table VII. 


468 COLLOID CHEMISTRY 


TABLE VII 
Heat or CoaGuLaTION oF Ferric Ox1pE Hyprosois 


360 c.c. of the sol containing 0.66 g. equiv. Fe.Os per liter coagulated with 255 c.c. 0.2 N 
sodium sulfate solution. 


Heat of Coagin. 8h, 
Corrected for Heat of Co- H H oe 
. . . : (ee a eer ees ieee SS 
Purity of Sol ‘Cale moe Hi FeO;  Atotal Adc] Ad so, 
. 4.44 — 53.6 47.4 200 1700 1700 4400 
9.11 — 6.3 47.7 200 3100 1700 4400 
13.00 iBgil lait 216 2700 2200 2800 
17.10 5.3 SepS) 149 1700 1700 1800 
27.20 Za (fast 93 2700 2300 4900 . 
47.50 0.0 13.0 55 3100 1700 4400 - 
Ave. 2500 1900 4100 


The first column gives the purity of the sol, the second the heat effect on 
coagulation corrected for the heats of dilution of the sol and of the coagulant, 
the third column the heat effect corrected also for the heats of mixing of the 
sodium sulfate with the ferric chloride and the hydrochloric acid in the sol, 
the fourth column this heat effect calculated per g. equiv. of Fe,O; in the sol. 
When the supernatant liquid after coagulation was analyzed for chloride and 
for sulfate it was found that some sulfate had been adsorbed and some chloride 
previously held by the ferric oxide had been given up. The values in the 
fourth column divided by the sum of these changes in ion adsorption give the 
figures in the fifth column. It will be seen that these values are reasonably 
constant at 2500 calories per g. equiv. change in adsorption. A better way 
to make the calculations is to take the data for the different sols in pairs 
and set up simultaneous equations with the heats of adsorption of sulfate and 
of chloride as unknowns and solve for these quantities. The values in the 
sixth and seventh columns were obtained in this way. It will be seen that the 
heat of adsorption of chloride ion under these conditions is about 1900 calories 
per g. equiv. chloride and the heat of adsorption of sulfate about 4100 calories. 

The evidence seems conclusive that the heat effects observed during coagu- 
lation of ferric oxide hydrosols with electrolytes are to be attributed entirely 
to the heats of dilution and of interaction of the electrolytes in the sol and in 
the coagulant and to the heat effect accompanying the changes in ion adsorp- 
tion during the process. The change in dispersity of the ferric oxide from 
that characteristic of the sol to that of the coagulum does not involve a heat 
change measurable by our present methods. Moreover, Kruyt and van der 
Spek’s suggestion that the heat effects with ferric oxide sols are due to their 
emulsoid characteristics is untenable. Either there is no change in hydration 
during coagulation or this change does not involve a heat effect. 

Browne ® has also shown that the heat effect accompanying the coagula- 
tion of sulfur sols is zero when the amounts of electrolytes present are not 
sufficient to involve measurable heat effects. This was found to be true even 
in sols containing particles under 30 wu in diameter. 

It seems to be true in general that during the coagulation of hydrosols no 
appreciak’e heat changes are involved provided the amounts of electrolytes 
present are not too great. This can be possible only if the interfacial tension 
is very small or if there is very little change in specific surface during coagula- 
tion. It is very probable that the latter is true and perhaps the former also. 
After the first stage of the coagulation there is reason to believe that in some 
cases a secondary change sets in whereby the specific surface decreases. It 
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would be of interest to determine whether this process is accompanied by a 
1eat effect, but the calorimetry involved presents difficulties inasmuch as the 
change takes place so very slowly. 


THERMOCHEMISTRY OF PROTEIN SYSTEMS 


Mathews ** and Rowland have recently obtained important fundamental 
hermochemical data relative to the question of whether colloidal proteins 
eact stoichiometrically with electrolytes, or whether, as colloidal suspensions, 
he proteins exhibit the properties of selective adsorption characteristic of 
olloids in general. 

These investigators mixed hydrochloric acid solutions with dilute solutions 
»f gelatin and of glycine respectively at 40° C. and measured both the heat 
volved and the change in hydrogen ion concentration. With the simple 
imino acid glycine, 13,140 calories were evolved per gram equivalent of 
rydrogen ion removed by combination with the glycine. The simple neutral- 
zation of an acid by a base would be expected to give some such value. With 
relatin, however, only 10.1 calories were evolved per gram equivalent of 
vydrogen ion bound. On mixing gelatin with a variety of acids, bases, and 
salts, the heat effects per gram equivalent of hydrogen or hydroxyl ion bound 
varied from O to nearly 8000 calories. The magnitude of the heat effect 
ipparently depends neither upon the amount of hydrogen or hydroxyl ion 
ound nor upon the specific electrolyte employed but rather upon the py of 
he resulting solution, because on plotting all the data on a single graph with 
ogarithms of the heat effect vs. py of the solution a smooth curve resulted, 
laving a value of O at the isoelectric point of gelatin and maxima on the acid 
ind basic sides. They concluded that gelatin does not enter into stoichio- 
netric chemical combination with acids and bases, but exhibits selective ion 
idsorption. The similarity of the relation between heat effect and py on the 
yne hand and the corresponding relations for viscosity of gelatin sols and 
swelling of gelatin gels on the other indicates that the heats of mixing observed 
ire due to changes in the degree of hydration of the gelatin rather than to 
he adsorption of ions. 
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Electric Phenomena in Colloid Chemistry 


By Proressor Dr. Leonor Micwaetis,* 
University of Berlin, now at Aichi Medical Faculty, Nagoya, Japan 


Within the domain of theoretical electricity there exist a series of phe- 
nomena, evidently related to one another, whose connection with other elec- 
trical phenomena was for a long time not clearly demonstrated. It is note- 
worthy that the shorter textbooks of experimental physics treat them only 
superficially or even omit them altogether. Only by degrees have their 
relationships to the broader domain of electric theory become clear. It is 
these phenomena which form the basis of this chapter on “electric phenomena 
in colloid chemistry.” Hence, for the historical development of the subject, 
it is desirable first of all to describe them. Following a suggestion of H. 
Freundlich, they are fittingly termed electro-kinetic phenomena. Their char- 
acteristic feature is that in a heterogeneous system, having at least one liquid 
phase, relative mechanical motion occurs between the different phases under 
the action of an externally applied electric potential; or, conversely, if rela- 
tive motion occurs at the phase boundaries as the result of a mechanical force, 
a potential difference is set up in the direction of this motion. These phe- 
nomena are firstly electro-endosmosis and cataphoresis—these two being the 
mechanical effects of an external electric force; and secondly streaming po- 
tential and the potential of falling particles (migration potential )—phenomena 
which are the electrical effects of mechanical motion. 


2. Enposmosis, PHYSICALLY CONSIDERED 


By the expression “physically considered” is meant that endosmosis, after 
being described first qualitatively as a physical phenomenon, will be treated 
quantitatively only insofar as it is dependent upon changes of a physical 
nature—such as external potential differences, degree of porosity, etc.,—and 
not insofar as concerns chemical changes in the substances under considera- 
tion. This mode of presentation is in accord with the historical development 
of the subject, and, furthermore, is advantageous because the dependence 
of endosmosis on the chemical nature of the substance under consideration 
is of the greatest importance in colloid chemistry, and, on account of the com- 
plicated nature of the Seas Ure involved, can be Tle only with a knowl- 

he purely physical phenomena as a prerequisite. 
ee rcacu ii ered by Reuss* in the year 1809. If two tubes 
filled with water are thrust into moist clay and an electric current led in 
through metallic electrodes, water will rise in the tube containing the cathode 
and fall in that containing the anode. In 1816 Porret? described the 
phenomena again, as met in the sand filter, and subsequently the same, or 


* Translated by W. G. Horsch, Ph.D., Scarsdale, N. Y. Prof. Michaelis gives here 
a general review of the basic theory. 
471 


472 COLLOID CHEMISTRY 


converse, phenomenon cataphoresis (to be described later) was observed 
in various substances by Becquerel, Armstrong, Daniel, Faraday, /:. Dubois 
Reymond, Heidenhain, and Jorgensen. FExact physical measurements were 
made by Wiedemann* and especially by Quincke. Whereas up to this 
time the question had this simple aspect, viz., that the water was carried 
along with the current—Quincke* showed that there were also cases in 
which the water migrated in the reverse direction. In order to explain 
the phenomenon, he assumed that the solid walls of the capillaries possess 
an electric charge with respect to the water, and that the surface of the 
water carries an equal charge but of opposite sign. This electrical double- 
layer, the source of which was unexplained, forms the essence of the later 
physical theory; endosmosis was explained henceforth by assuming that 
under the action of an externally applied potential the two components 
of this double layer move in opposite directions, each dragging along the 
particle or substance to which it is attached. The theory of endosmosis 
was first stated quantitatively by Helmholtz;° we re-state it in a form due 
to Perrin.© The experimental arrangement is as follows: A diaphragm, con- 
sisting of some solid material having channels of capillary dimensions, is in- 
serted in a tube filled with liquid. Let us assume first the simple condition 
that the diaphragm consists of a single, cylindrical capillary. Further, assume 
that an electrical double layer exists at the boundary between the capillary 
wall and the liquid, of such a nature that the negative charge, say, is bound 
tightly to the wall of the capillary, while the positive charge lies a very 
small, but finite, distance, 5, from the wall—in the liquid—and hence is 
movable. If a potential difference is applied to the ends of the capillary, the 
two components of the double layer will move relatively to each other, that on 
the liquid actually moving, while that on the tube remains physically fixed. 
On account of friction, a constant speed of endosmosis will quickly be 
reached (as in the case of ion migration in electrolytes). In this equilibrium 
condition the electric force will be exactly equal to that required to overcome 
friction; the electric force, E, acting on unit surface of the capillary wall wiil 
be equal, then, to the frictional force, R. This affords the basis for the cal- 
culation of the potential difference, C, of the electrical double layer. The 
electric force, E, which is exerted on unit area of the bounding surface, is 
equal to the product of the charge, e, of the double layer, by the externally 
applied potential difference, H ; that is, 


Easel | (1) 


The force of friction, Fk, since we have assumed that the motion takes place 
in the water, is equal to the product of the friction coefficient of water, n, 
the friction surface area—which is taken equal to unity—and the decrease, A, 
in velocity in a direction perpendicular to the wall of the capillary; that is, 


Rea ' (2) 


The following approximation may be made regarding the velocity-decrease, A. 
The velocity right at the capillary wall is zero. It increases, approximately 
linearly—reaching its maximum, u, at a distance, 5, equal to the thickness 
of the double layer. At greater distances the water is carried along at the 
same velocity, uw, as a result of friction. Assuming, therefore, uniform vari- 
ation in velocity within the double layer, the decrease, A, is given by the 
expression, 
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u 
Av 5° 

This decrease holds solely within the region of the double layer; beyond this 

region there is no velocity decrease. Hence, substituting in (2) we obtain, 


R=1(§). (3) 


The velocity, u, may be measured in the following manner. Since the volume 
occupied by the double layer is a ring of such small dimensions as to be 
negligible compared with the total volume of the capillary, the maximum 
velocity of the water, u, is consequently equal to its mean velocity. As the 
result of endosmosis, a volume of water, v, flows out in unit time, which is 
equal to 

iMag Ga) (3a) 
where r is the radius of the capillary. Substituting the resultant value of u 
in equation (3) we obtain, 

nv 
ie dar?” 


This friction force must equal the electric force (1), whence, 


v 
‘i mr? ©) 
In order to calculate the potential difference between the two layers from the 
electric force, the double layer is considered as an electrical condenser of po- 
tential, C, in a medium (water) of dielectric constant, D. Whence, according 
to a law of theoretical physics, 


4nde 
c= D 
eee. 
Or "0 ia 
Substituting in equation (4), 
me nete 
Ci CDF 
rCHD 
a I 
or v 4n (I) 
4uy 
=A Hine 
and © HD (II) 
If, now, the diaphragm consists of a multiplicity of capillaries of combined 
cross section, g, then ar? will be replaced by q, or 7* by a whence, 
_ akHD 
4a aa) 
or G= A, (IIa) 


474 COLLOID CHEMISTRY 


in which v represents, as previously, the water transferred in unit time. For 
the derivation of these equations a whole series of assumptions have been 
made which need not necessarily be true or whose truth cannot be demonstrated 
with certainty. First, we shall see presently that there can be no exactly 
defined value of 8, because double layers are not mathematical surfaces, but 
possess a diffuse boundary. Furthermore, it is not obvious that it is per- 
missible to use as friction coefficient that of water, because conditions at 
the interface are not necessarily those of ordinary water. Our assumption 
is based, rather, on the preliminary view—not yet demonstrated in every 
instance—that 5 is so large, that the properties of ordinary water may be 
ascribed to a water layer moving under the influence of an electric force. 
The same holds true also for the dielectric constant which has been taken 
simply as that of water. v. Smoluchowski raised the objection also that a 
diaphragm cannot be considered as a simple bundle of straight-line capillaries ; 
the effect of this objection is slight, however, as he calculated. 

If E is the electric potential applied to the ends of the diaphragm, and 1 


its length, then H = a and 
(IIT) 


If the potential drop between electrodes is E, and the resistance of the dia- 
phragm is w, then according to Ohm’s law, E =iw. This gives 


_ gDiw 
ere 4nyl * 


Since for diaphragms of the same chemical and physical properties and the 


same cross-sectional area, = is a constant quantity, it follows that, for 


l 
diaphragms of the same sort and the same area the quantity of water trans- 
ferred depends solely upon the magnitude of current. Since the quantity of 
water transferred must increase with increasing cross-section, and since the 
current likewise is proportional to the cross-section, it follows for diaphragms 
of any length, breadth and thickness, provided they are physically and chemi- 
cally alike, and also of course provided the aqueous solution has the same 
composition, that the quantity of water transferred in unit time varies with 
the current only, and ts proportional to it. 

Throughout the foregoing, it was presupposed that no hydrostatic head was’ 
developed as a result of the transference of the water, in other words, that 
the transferred water simply flowed out. If this is not the case and the 
transferred water rises, then equilibrium, a description of which possesses 
no special interest for our present purpose, will be reached at a certain 
pressure. 


3. CATAPHORESIS 


In the course of some endosmosis experiments with clay membranes, 
Reuss found that the fine particles of clay which occasionally became loosened 
from the membrane moved through the water under the influence of the 
current, but in the opposite direction from that in which water was driven 
through the diaphragm. This phenomenon is electro-cataphoresis or electro- 
phoresis. It is simply the reverse of endosmosis. The building up of the 
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electrical double layer cannot be due to the capillary structure of the inter- 
face but evidently is due to the boundary surface or interface itself. The 
movement of the water described in the previous section is to be considered 
as relative only; if fine particles are freely stispended in water, then cata- 
phoresis occurs instead of endosmosis. 

The theory of cataphoresis may be presented most simply, perhaps, in 
the following manner. Assume that a solid body of great length and very: 
small diameter is suspended in water and that a potential difference is applied 
lengthwise of this body. Assume movement of the water to be impossible; 
this can be arranged either by completely enclosing the water by walls on 
all sides, or by placing the water in an open U-tube. In the latter case a 
slight rise in one arm as the result of endosmosis is the most that will occur 
and this quickly comes to rest, so that the water thereafter does not move 
and only the cataphoretic motion of the solid particle takes place. Then, 
under equilibrium conditions, the electric force, eH, acting on unit surface of 
the solid particle, will be that required to balance the friction force, nA. Here 


again A is equal to 4’ whence 


eH i > 
and, therefore, 
w= 2 (7) 
y 
According to the formula for potential of a condenser, 
4nde 
Se D 
or 
CD 
= -~ ) 
e= Ts (7a 
Substituting in the previous equation 
_ pH 
“ee 4y 
or, solving for C, 
_ 4nun 
=F’ 


From this formula and the speed of cataphoresis, the potential of the double 
layer may be calculated. In this calculation—as in the case of the earlier 
formule—it must be remembered that C is obtained in absolute units, pro- 
vided the potential difference, H, which occurs in the right hand term, is also 
expressed in absolute units. If we write with primes the two quantities 
characteristic of the electric potential, thus C’ and H’, when they are expressed 
in volts, then, since 1 absolute unit = 300 volts. 


, 


jag re ; 
H = zopand Cl== 7300) C 


Then 


C= 300( $7 ) absolute units 
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and 


lam (300):( a) volts. 


Expressing this in words: in order to convert to volts the value of € calcu- 
lated with the aid of equation 7a, it is necessary to multiply C by 90,000. 

It is evident from formula 7 that cataphoretic velocity is independent 
of the size of the solid particle. Thus far a long narrow particle only has 
been considered and its orientation has been assumed parallel to the current 
filaments.¥ It remains to be seen whether the relationships developed apply 
also to any given kind and shape of particle. Assume a spherical particle of 
non-conducting material. The lines of force of the electric field will not be 
straight in the immediate vicinity of the surface of the sphere, but will bend 
around it. The potential difference between the two ends of the particle, 
therefore, is greater than when the particle is long and narrow; the electric 
force acting upon it is greater, but the force of friction likewise is greater 
in proportion. The two influences counteract each other, whence it follows 
in general that the velocity of cataphoresis is independent not only of the size 
but also of the shape of the particle. If non-precipitable asymmetric particles 
give rise to deviations, it is of little consequence, because these are of no 
practical importance. , 

If the cataphoresis experiments are conducted in a fairly large tube (at 
least several millimeters in diameter) the theory is satisfied. However, if 
the space is very narrow, as is true of microscopic cells, complications are 
introduced, to provide for which v. Smoluchowski’s theory was developed. 
Suppose the cell to have a length, between electrodes, of several centimeters, 
and a depth, on the other hand, of a fraction of a millimeter, to permit of 
microscopic observation. Assume first that the cell is closed on all sides 
and filled with the suspension free of air bubbles. Then consider that the 
surface of the cell wall toward the water is the seat of an electrical double 
layer. Usually the glass wall is negatively charged and the water positively; 
the negative charge is fixed on the glass, while the positive layer exists in 
the water and therefore is movable. If, now, an external electro-motive force 
is applied, the positive part of the double layer is moved tangentially, carry- 
ing the water with it; and as the result of friction the more remote water 
layers will also be carried along. Since, however, the water cannot flow 
out of the closed cell, motion in the reverse direction must occur in those 
“layers” of water most remote from the wall. The water thus will be dragged 
along in one direction at its surface—tangentially to the cell walls—and the 
central portion will flow back in the other. Considering the water to be 
made up of narrow layers parallel to the uppereand lower walls of the cell, 
the uppermost and bottommost layer (“upper” and “lower” being considered 
in the microscopic sense) move at maximum velocity; in layers farther in, 
the velocity is less, and at a certain distance becomes equal to zero, while 
in the central layer the direction is reversed. The velocity of the water 
therefore is a function of the distance, Vz, of a given water layer from the 
cell wall. If the total thickness of the microscope cell is designated by D, 
the velocity by wu, and the maximum velocity of the upper and lower layers 
by uo, then, according to v. Smoluchowski, 


—fB-G)] 
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From this it follows, for example, that at a certain depth Z, 


Lo D(z st a5): 
27° 12 

that is, at depths approximately 4D and 44D, the velocity is equal to zero. 

The flowing water sweeps the suspended particles along with it, and 
there is observed under the microscope a velocity of the particles which is 
‘the resultant of the cataphoretic motion of the particles and of the motion 
of the water. Only in the two layers %D and 44D, which may easily be 
measured with a micrometer, is the observed velocity that of pure cataphoresis. 

As far as I am aware, v. Smoluchowski has not published anywhere the 
derivation of this theory. It may be presented as follows. Let the cell have 
the length, H, the breadth, y, and the comparatively slight depth, D. Let the 
corresponding 3 dimensions of the cell be oriented in the direction of the 
rectangular codrdinates, x, y, z. The electric force acts on the upper and 
lower walls of the cell which have an area each X@=y. The total resultant 
force therefore is 2~yoH, where o is the electric surface density of the double 
layer on the glass wall, and H is the strength of the external field. This force 
presses the water against the side walls of the cell and gives rise to an equal 
and opposite mechanical force which, on account of the rigidity of the cell 
wall, is distributed over its whole surface, yD. If we consider now a thin 
section of water of thickness, dz, parallel to the xy plane lying at a distance, 2, 


dz 
D° 
The motion of the section which this force tends to set up is checked by the 


friction which the upper and lower surfaces of the section encounter in 
contact with the adjacent water layers. The friction on the upper surface 


from the upper surface, then there is exerted on it a pressure = 2xyoH 


Piss, du ‘ : é 
of the section is a ee where u is the velocity at the distance, z, from the 
upper surface of the cell. The friction on the lower surface of the sec- 


: : : du’ 
tion is oppositely directed, and is equal to «NTS 
Ou a ia : 
coefficient of water, and u’ =u -+ ae" dz. As total friction there remains 


where y is the friction 


the force, : 


u 
“YN G2 vazZ: 


At equilibrium, the force due to the electric field is equal to that of friction, 
hence, 


LOtieage 0. U 
ike ter 
or 
ta 20d 
ie TO) 


By integrating twice we obtain, 
ofl 


Me 2+ oe + Co. 


ere mag 
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For z=0, u= 4, that is, the velocity of the upper layer 4 =. Again, 
HD 
fon vasiueand ¢=2D we pete = , so that, 
HD oH 
t= ty — ora os (iy 


D 

Now, since water as a whole does not undergo translation, | udz = 0. 
1) 

Whence, from (1), 


an CHD se oH : 
UAZ = Uy — a 2 an 
an AD HD* 
= 0 o 
| fuae = wd — FO + 3n == 0) 
whence , 
ps OF 3 
7 — Gia : (2) 


Substituting this in (1) 
a ee bie be 
Horecn: | Renae Onan To 
“The theory of v. Smoluchowski is well confirmed by experiment. The 
microscopic technique of cataphoretic experiments in colloidal solutions was 
developed by Ellis? and by Powis® and was later improved, and extended 
to ultramicroscopic observations by Svedberg and Andersson.® Ellis and 
Powis studied the motion of oil drops in water which was placed between 
slide and cover glass. Svedberg and Andersson avoided in two ways the dis- 
turbance caused by polarization at the electrodes. They either permitted the 
current to act only momentarily or else worked with alternating current, 
after Cotton and Mouton’ had shown that cataphoretic motion follows 
readily alternations exceeding 1000 per second. The colloid particles were 
followed with the aid of the paraboloid condenser, and were registered pho- 
tographically ; the diffraction images of the particles generate lines of light 
the length of which may be accurately measured. The depth of their cell 
was 50-70 yw. Putter** could confirm v. Smoluchowski’s theory approxi- 
mately at least for bacteriological suspensions, although he worked under the 
cover glass with an incompletely closed cell. It is fair to assume that in 
such a case the water moved by cataphoresis does not run out of the cell” 
and spread over the slide, but, in consequence of the incomplete wetting of 
the edge by the drop, instead of spreading out, it rather flows back in agree- 

ment with v. Smoluchowski in a closed cell. 

It follows apparently from v. Smoluchowski’s theory that the law implied 
in formula (8) is independent of the absolute depth of the cell. Therefore 
the water current in the middle layer of the cell must in all cases possess half 
the velocity (in the opposite direction) of that at the rim. This does not hold, 
however, in the case of macroscopic cataphoresis experiments in U-tubes. 
Hence, first, this law holds only for very narrow cells in which laminar mo- 
tion, only, of the water occurs, and secondly, in a U tube the upward motion 
along the walls raises the edge of the upper meniscus merely far enough for 
the hydrostatic pressure to counteract the movement, after which motion of 
the water ceases and pure cataphoresis is observed. 


)| , which is according to equation (8). 
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4. STREAMING PoTENTIAL 


If a liquid is forced through a porous membrane or through a capillary, 
a potential difference—called streaming potential—is set up between the two 
ends of the capillary. If, by means of metal electrodes, this potential is allowed 
to act on a closed circuit a so-called streaming current will flow. This phe- 
nomenon was described by Quincke.?? A clay plate was inserted between the 
ground ends of two glass tubes, or a powder was tamped into a glass tube to 
form a diaphragm. Water was then forced through the tube under pressure 
and the potential tapped off by means of platinum electrodes inserted at either 
side of the diaphragm. The electromotive force due to the flow was pro- 
portional to the net hydrostatic head, regardless of the thickness or manner 
of constructing the diaphragm, so long as the latter was of the same material 
chemically. The phenomenon was described later by Zoellner,'? Edlund,'* 
Haga,” and Clark.*® The explanation of the phenomenon is as follows: The 
movable portion of the electrical double layer is carried along by the water 
current, whereby the upper end of the capillary picks up a free charge with 
respect to the adhering layer, and the liquid below the lower end of the capil- 
lary acquires an opposite charge with respect to the movable portion of the 
double layer. The value, FE, of the streaming potential according to Helmholtz, 
is given by the formula: 

ee Be 
Anna 

in which C is the potential of the double layer, P the net head, D the dielectric 
constant of the liquid, n the friction coefficient of the latter, and 1 its specific 
conductance. The factor, 4x, is introduced to reduce to electrostatic units; 
if € and E are expressed in volts, it is necessary, once more, to multiply by 
90,000. The electro-motive force of the streaming current is thus proportional 
to the hydrostatic head, and to the C-potential, being inversely proportional to 
the internal friction of the liquid and to its conductivity. The last is particu- 
larly noteworthy ; it is because of this that satisfactorily measurable streaming 
potentials are obtained only by employing solutions in which the electrolyte 
concentration is very low. Even in the case of electro-endosmosis the transfer 
of water diminishes, in general, with increase in electrolyte concentration ; 
from which it may be concluded that C diminishes in the presence of much 
electrolyte. Therefore the streaming potential also diminishes with increasing 
electrolyte concentration; but this diminution is very much greater than the 
endosmosis, since the increased conductivity also reduces the streaming poten- 
tial very greatly. Whereas for endosmosis experiments good results are 
obtainable sometimes with 0.1 molar and stronger salt solutions, it is necessary 
in the case of streaming potential experiments to work with concentrations of 
the order of 10° normal. 

The converse of streaming potential will be merely mentioned in passing: 
if fine particles (say, silver powder) fall through a cylinder filled with water, 
a potential difference is set up between the ends of the cylinder.** (See paper 
by E. F. Burton, this volume. J. A.) 


5. APPLICATION OF THE THEORY OF THE C-PoTENTIAL TO COLLOID SOLUTIONS 


In general, a potential difference evidently arises at any phase boundary 
whatsoever. The classification into electro-endosmosis, cataphoresis, and 
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streaming potential is simply a device to assist in its confirmation and measure- 
ment. It may be assumed therefore that in general a potential difference 
exists at the boundary between any dispersed phase and the dispersing medium, 
and the question arises as to what effect this potential has, especially whether 
it is of any significance regarding the state of the colloid. To anticipate the 
answer, it has been shown that this potential is one of the most important 
factors in the determination of the colloidal state. To be sure, it is impossible 
to state in advance, for example, what degree of dispersion, what viscosity, 
etc., any colloidal solution whatever possesses for a given potential difference ; 
that, rather, is characteristic of the individual colloid. Thus, gelatin, for 
instance, forms a stable colloidal solution even in the absence of any potential, 
while mastic does so only under conditions which permit the maintenance of 
a potential of several centivolts. However, for a given colloid the properties 
depend in a clearly evident manner upon the potential. The case is similar 
to the contact potential between a metal and a solution, which, first of all, 
is determined by the specific nature of the metal. For a given metal, however, 
the potential varies according to the Nernst logarithmic concentration rule. 
Similarly for every colloid there exists an individual property, not readily 
predictable, and upon this the influence of the boundary potential always is 
superposed. This influence in general is such that the stability of the solution 
increases with an algebraic increase in the interfacial potential. In the case 
of reversible, spontaneously dispersing colloids (albuminous bodies), the 
dispersion is increased with rise in potential; turbid solutions become clear ; 
the Tyndall effect becomes weaker; and so on. With a non-spontaneously 
dispersing colloid (such as gold, mastic, etc.), appropriate reduction of the 
potential induces direct flocculation. In this case, accordingly, we may say 
directly that the interfacial potential is essential to stability. Indeed, such 
colloidal solutions can form,* moreover, only if through some process (reduc- 
tion of gold chloride; water addition in the case of the alcoholic mastic solu- 
tion) the micells of the colloid come into existence under such circumstances 
that a sufficient interfacial potential is established throughout the whole 
process. 

The action of the electrical double layer consists simply in hindering the 
approach of the micells to such proximity that the cohesion forces can act. 
The outer layers, with their similar charges, act like mechanical buffers; in 
order that the particles may touch one another the repulsion of the approach- 
ing outer layers must be overcome, the outer layers must be broken through. 
The possibility of this occurrence is reduced by increasing the charge of the 
double layer. On the other hand, it is conceivable that this charge need not 
be equal to zero in order to permit flocculation. The repulsion between two 
micells is not like that between two spheres carrying free electric charges. 
Considered from afar, a micell with its double layer is electrically neutral ; 
only on close approach of two micells does the space distribution of the double 
layer bring about a preponderance of repulsion over attraction. The repul- 
sion of two particles decreases in proportion to the distance to a very high 
power. In very concentrated mastic solutions Perrin was, in fact, able to 
detect a repulsion, in that the particles were not distributed in size according 
to the simple hypsometric formula; their osmotic pressure, therefore, is 
greater than it would be according to Van’t Hoff, employing the Avogadro 
number. 

So much for the physical phenomena of endosmosis and cataphoresis ; 


* This means, can exist for a measurable period. J. A. 
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there follows a consideration of the influence on potential, of the chemical 
nature of the dispersed substance. 


6. PERRIN’sS INVESTIGATIONS 


Perrin *® carried out his investigations with an apparatus of the type 
shown in the subjoined sketch (Fig. 1). The diaphragm is represented by 
the glass tube, M, which is filled with the pulverized material. A and B are 
the electrodes. The movement of the water is observed through the change 
in level of the water column in the nearly horizontal, sloping tube, G. The 
electric field as a rule was such that between the electrodes the potential 
gradient was about 10 volts per cm. Perrin found almost immediately that 


IBive, Tk, 


only markedly ionizing liquids show strong electro-osmosis. Liquids of small 
dielectric constant, which themselves are poor conductors and cause only 
slight dissociation of dissolved electrolytes, show little or no electro-osmosis. 
Chloroform, petroleum ether, benzol, turpentine, CS,, showed absolutely none. 
Of the opposite type were nitrobenzol, acetone, ethyl alcohol, methyl alcohol, 
and especially water. 

The particular electrolytes dissolved in the water have a marked influence 
on the magnitude and direction of endosmosis. Acids and alkalies, in other 
words, H and OH ions, have an exceptionally strong influence. Perrin found, 
a whole series of powders in which the direction of endosmosis in weakly 
acidulated water was opposite from that in faintly alkaline water. In acid 
solutions the water always migrated toward the cathode; that is to say the 
powder was charged positively with respect to the acid solution and negatively 
with respect to the alkaline. Such substances as carbon, sulfur, carborundum, 
naphthalene, salol, CrCl,, AgCl, BaSO,, ZnO, CuO, gelatin, etc., were tried. 
The Table I on page 482 gives the magnitude of the results in ccm, water 
per minute for a few substances, employing a diaphragm cross-section of 


1.4 cm. 
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TABLE I 
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H3BOs Saturated soln. acidified with HCl..... + 2, 
(Boric acid) Saturated soln. without addition....... — 10 
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TEOO TCO EN ei ee ene nar tee — 105 
Gelatin BY eae ck Oh OG Nera ets I ce Wa toe os Bi + 22 
TEOO KOT ee eee eee — 35 
Cellulose EO tilel C Dias croak eh nae tect ee oe ? 0 
Teor EL Glogacts patente hve ee er eee a= 20 
TAN eR SOLO Wik ran eee hemes be aed ba eal ch ge, — 70 


From this table it may be seen that the substances investigated have a 
positive charge in acid solution and negative in alkaline solution. The point 
of reversal, however, is not in every case the neutral solution. Perrin be- 
lieved that the cause of this lay in secondary disturbances, for example, partial 
dissolution of the powder and consequent change in the acidity, or the presence 
of polyvalent ions which, as has been seen, have a great influence on these 
phenomena. He derived the following rule: 

Every non-metallic substance (in the absence of polyvalent ions) is posi- 
tive in an acid solution and negative in an alkaline solution. 

As a matter of fact he himself noticed that the point of reversal of the 
electric charge does not always lie exactly at the point of chemical neutrality. 
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Table I shows this in a striking manner for cellulose. With this material, 


as with iodoform, no positive charge was set up even in N HCl. Accurate 


insight into these relationships evidently involves the same considerations as 
the theory of the isoelectric point for dissolved ampholytes, which had not 
been developed at the time Perrin made his investigations. Perrin realized, 
however, with his characteristic farsightedness, that the above rule was 
approximate only, and set up the following as holding rigidly : 

_ The electric potential between any sort of wall and a solution, is always 
increased on the addition of a (univalent) acid and always diminished on the 
addition of a (univalent) base. 


7. Tue IsoELectric Point or D1aApHrAGMs; DIAPHRAGMS WITH AND 
WirtrHout IsoELecrric PoInt 


Further experiments by Bethe and Toropoff,® by Glixelli,2° and by 
Gyemant,** with a somewhat different technique which permitted the accurate 
maintenance of the py at the electrodes, showed that in general it is incorrect 
in principle to look for the reversal at the neutral point. To be sure, the two 
agree in the case of blood charcoal, gelatin, and a few other substances. 
Nevertheless there is a whole series of substances which, however strongly 
acid the reaction, display no positive charge, but at most a neutralization of 
the previously existing negative charge,—for example, cellulose, collodion, 
agar, kaolin; retort carbon, also, belongs in this class according to Bethe and 
Toropoff ; gelatin, however (1.e., gelatin-impregnated collodion membranes of 
the type devised by Jacques Loeb *? or membranes of chilled gelatin), does not 
show reversal at the neutral point, but rather at that H-ion concentration 
which I ?* had found to be the isoelectric point by means of cataphoresis ex- 
periments with dissolved gelatin. 

Table II, below, gives a few of the results obtained by Glixelli.2* He 
found first a few diaphragm materials which, like the majority of Perrin’s 
materials, showed a reversal of charge on going from acid to base; it is very 
significant, however, that the reversal in most cases does not occur at the exact 
neutral point. 


TABLE II 
Eendoauosia Endosmosis 
Velocity , . Velocity 
BeO Silicic Acid (SiO..nH2O) 
IDrstillediewaterur ceils) «teers ts — 1.59 Distiledixwatemmn. ase ae + 0.63 
OOUOIL. IN. NEKO: *G. obanboorben — 0.87 (MOS OIN,, JEIN(O}.. cmootomcnnOcscnic ae (0) 616; 
OMOCOIG): IND INANE hs hoo o66 cone qe Ail OOS MINE EC imprest rts occccoar + 0.30 
OCOL Ib INGO « oe oc45adravan + 1.84 OUP ING, JELINICS sinnecsion bpp mere + 0,12 
ZnO Antimony pentoxide (Sb2Os) 
Distilled WEE don cate aemeao oo — 0.31 Distilledigwaterun tts seek: ccck + 1.27 
ONOO I IN| INEXOVEL, Sabdbedscduec — 0:22 OLOZGmINDHET GIEER SS aia ialcls. atsvers te ae ae 
COUUOOB) IN| ANEIOIE as'go0 058 Ooo OG: OHOSY INEGI en sonar coe near + 1.08 
OLCO 04 IS) INEXOIEK oo cedeo oo sco + 0.24 
OH). ; Tungstic acid (H2WOQO,) 
oF O06 ee INFAOUBT sik. hha soodle dod — 0.64 Distilledigwratermrsrret sie siels +2 ts + 2.66 
ONG ING INENOVR eo. Fh 6u ad cee cee —0.05 Mee y ae Sietstaittn Bake aces iegen 
02 Na@ Eien crerictestes a. + 0.90 : Dts. AtPhin Sots tek oe : 
eae OLSMINGIET Gis eshte ts shirts Wie scot de 0.00 
Isoelectric point for a given h (mostly in Still no reversal in extremely high acid 


alkaline solution). concentration. 
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The experiments which Gyemant ?° carried out in my laboratory yielded 
the data of Table ITT. 


TABLE III 
Chargeon Relative Velocity 
Membrane Electrolyte Solution Membrane of Endosmosis Remarks ; 
Collodion Distilled water ...... = 16.0 Always negative, even 
OO IN SECM aan aoe e — 11.0 in HCl and AICI 
OMUOL IN|  INGKOIR peaor — Ly almost discharged by 
OlLOOLRNAINaGlaaeeee oe — 12.4 the last two, however. 
0001S My CaCl wir a. — 8&8 
OOO WE ACI coped = 1.0 
0.001 M NazSO, ..... — 18.1 
Kaolin Distilled water ...... — 38.0 Almost always nega- 
OLOOU BINGE Glee irae — 61.7 tive; in very conc. 
OOLSN BEL CIiNa recast — 6.5 HCl completely dis- 
OMS IN RE CURE Sees 0 0.0 charged ; positively 
ORO INE INOWEL seuss - 182.5 charged only in AICls. 
O.OOIMNS NaGl ee... — 259.0 
OOM VIS CaCl ese: — 145.8 
0.001 M NazSO. — 288.8 
0001 Meal yee ar 202.7 
Blood COCO IN, INEKEI Be 5 ace — : 12.8 Isoelectric point at 
Charcoal 0.001 M NaeSO, .... = pean are 46.0 pH — 425) Salts) peive 
OMTOIE WWE UNG Gane 45 ; 39.5 sometimes -+, some- 
OL00Z5isN ee Clearer — 4.35 4.2 times — charge. 
OCOOS: IN JIC ceacaas ae 3.95 7.0 
OOO IN) ENC Goer den + 3.78 14.0 
O.OIINE TE Clie tere ae 2.00 26.0 
0.002 N AgNO; ..... ae — 10.2 
2Per'Cent 0.001 N NaCl: Always negative as 
Agar Jelly Membrane 1 cm. thick -—- 70.0 in case of collodion, 
eT ge Apee . — 69.0 even with AICls. 
“ 3 “ce “oe * nat 78.0 
O:002 5 Mi AlCl at — 13.0 
ONCOL IN TENG ooo ee c = 54.0 
Fe.Os Waters enccaacs ase SF 10.5 Isoelectric point at 
OMG OS IN| TSHOU 6 ooteecce ale 67.0 faintly alkaline reac- 
OOO IN) INEKOWE! Seon ~- 16.0 tion; negative only in 
0.001 N NaCl orRbCl te 23.0 OH ions. 
0.001 M CaCl, or BaCl: ap 62.0 
OO OTS Clr an 103.0 


* Since in the experimental arrangement of Gyemant the thickness of the membrane forms only 
a small part of the path between the electrodes, the current strength will not be affected appreciably ~ 
by variations in its thickness. Under these conditions endosmosis should be independent of the 
thickness of the membrane as is confirmed by experiment. 


8. THE SIGNIFICANCE OF POTENTIAL 


From the facts established regarding the influence of electrolytes in solu- 
tion, it follows beyond a doubt that it is ions and not free electrons which 
form the basis of the electrical double layer. It is conceivable either that 
the molecules in the surface layer of the electrically neutral micells have a 
tendency to dissociate electrolytically in such a way that they tend to send out 
one ion species as the movable component of the double layer, while the 
associated, oppositely charged ion species remain attached to the micell, or, 
as it may also be put, adsorbed; or that one of the ion-species in the solution 
is adsorbed by the electrically neutral micells, whereupon it follows from 
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the principle of electrostatic attraction that a group of oppositely charged ions 
is accumulated in the adjacent layer. Finally there is another case in which 
the micell itself is not, or at least not appreciably, active in building up the 
double layer, and the double layer arises from the fact that the ions in solu- 
tion arrange themselves in a double layer at the boundary as a result of 
mternal forces. If we simply carry the adsorption idea far enough, we can 
explain the phenomena by stating that one ion species is adsorbed at the 
interface more strongly than the other. Thus if we have adopted a purely 
_ formal and most far-reaching definition of adsorption, we may consider the 
origin of every double layer to be due to adsorption phenomena. This defini- 
tion must run as follows: by adsorption we understand the phenomenon that 
a molecular species in a solution attains a higher concentration at the surface 
of this solution or at the interface adjacent to another phase, than in the body 
of the solution. This definition of course is purely formal and leaves open 
the question whether the process is brought about by chemical or by physical 
forces, and whether the second phase exerts an attractive force on the adsorbed 
molecular species, or whether the whole phenomenon rests upon forces which 
act solely within one phase. At first we shall employ the idea of adsorption 
only in this broadest sense. In our case the molecule to be adsorbed must 
likewise be always an ion species, otherwise its adsorption could not give rise 
to a difference in potential between the boundary and the internal solution. 
Since, according to the principle of Gibbs surface active substances tend to 
concentrate at the free surface of the liquid, the case is also conceivable in 
which the free surface of a liquid is richer in one ion species than another. 
In this case the vapor space which, in comparison with a liquid is practically 
without mass, is in a certain sense the “adsorbent.” This is, of course, a 
purely formal definition, but it has the advantage that it permits the con- 
sideration, from the standpoint of a common property, of all those “ion 
distributions” at the interface which give rise to a potential difference. If it 
becomes a question of distinguishing between the latter form of adsorption 
and the particular adsorption by the surface layer of a second massive phase, 
I would suggest that the adsorption of empty space be called “apparent” 
adsorption as distinguished from true adsorption. With ion adsorption 
different cases are possible; one corresponds more to the chemical, the other 
to the so-called physical adsorption. This depends, namely, on whether the 
adsorption is electro-polar in character or not. We distinguish, therefore, 
apolar and polar adsorption. 

Of apolar adsorption, the best, in fact the only certain, example, is adsorp- 
tion at the surface of carbon, preferably blood charcoal. Although this 
material is not obtainable entirely free from contamination by polar sub- 
stances (Ca-salts, and the like), nevertheless, as I have pointed out, the polar 
part of the adsorption, due to the impurities, is readily distinguished from 
the apolar; furthermore, the apolar part is very slight (a few per cent) when 
dealing with the adsorption of electrolytes. Apolar adsorption is recognizable 
by the fact that equivalent quantities of the cations and anions of the electro- 
lyte under examination are always adsorbed, which is far from being the 
fact in polar adsorption. Thus, for example, in the case of the adsorption of 
methylene blue chloride by carbon, so far as chemical analysis permits it to 
be determined, just as much color base as chlorine is adsorbed; according 
to the law of electrical neutrality there is no other possibility. (At most, were 
it conceivable that OH is adsorbed instead of Cl, this would signify hydrolysis 
of the salt as the result of adsorption. This is not determinable with cer- 
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tainty in the case of carbon.) Since, however, the adsorptive forces on these 
two ion species are unequal, the more weakly adsorbed ion species group 
themselves as the outer component (projecting into the liquid), while the more 
strongly. adsorbed species form the inner (attached to the carbon) component 
of the double layer. The charge on the carbon therefore is always that of 
the more strongly adsorbed ion species. Now endosmosis experiments with 
carbon as the filtering medium give us the charge on the carbon. They have 
shown, for example—if we may accept as correct the significance, just stated, 
of these experiments—that the H-ion is more strongly adsorbed than most 
other cations; that is, carbon adsorbs an acid more strongly than it does the 
salts of the same acid. In the second place, the H-ion is also more strongly 
adsorbed than most anions. These statements have their basis in the observa- 
tion that, first, a (strong) acid is in general more strongly adsorbed than its 
salts; secondly, blood charcoal is found from electroendosmosis to be positive, 
with respect to the solution, in solutions of strong acids. Only in a few 
organic acids is blood charcoal negative, and these acids are further distin- 
guished by being appreciably more strongly adsorbed than the simple inorganic 
acids. The following is in good agreement basically with the foregoing 
theory: An acid of which the anion is so strongly adsorbed that it even charges 
the carbon negatively in spite of the presence of the H-ion, must be much 
more strongly adsorbed on the whole than ordinary inorganic acids in which 
the anion resists adsorption and remains in the outer component of the double 
layer. Further, OH ions are more strongly adsorbed than most anions; 
that is, NaOH is adsorbed more strongly than NaCl, NaBr, etc., and carbon 
is negatively charged in NaOH. 

Since writing the above, very active carbon, entirely free from ash con- 
tent, has been prepared by the heat activation process (Miller **; Ogawa *). 
This carbon has somewhat different properties, in that it is not positively 
charged by acids, and adsorbs NaOH less than it does HCl. The carbon 
obtained by cokeing pure organic substances resembles generally the blood 
charcoal described above, and acquires the properties of “activated” carbon 
in proportion as it is strongly heated. There is nothing characteristic about 
the ultimate analysis of the various kinds of carbon, e.g., from cane sugar; 
there is probably involved a structural change, the crystal structure of graphite 
coming more and more into evidence upon heating. These new investigations 
do not materially affect the general view given above. 

Under polar adsorption, numerous adsorbing media are available for con- 
sideration; we shall confine ourselves to two types: (1) the silicates (kaolin, 
kieselguhr, etc.), and (2) a few metal hydroxides (iron and aluminium hy- 
droxides). The conceptions which have gradually been built up concerning 
the mechanism of amorphous adsorbents I have summarized as follows: 
Take, say, amorphous calcium silicate ; this salt, like all salts, has the tendency 
to ionize and thus form Ca and silicate ions. However, silicate ions do not 
appear to be capable of individual existence; there is no definite, molecularly 
dispersed and totally dissociated stable solution of any sort of silicate. The 
silicate ions do not appear to be in the form of single, independent ions, but 
remain in association. The electrolytic dissociation of an ordinary salt in a 
medium of sufficiently high dielectric constant (like water) rests on the fact 
that in this medium the attraction of the oppositely charged ions is so weak- 
ened, that the water can force itself between the ions; the electrostatic attrac- 
tion of the individual ions by the (likewise polar) H,O molecules, is greater 
than by the oppositely charged ion. Now, as is known, the free, surplus charge 
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on an ion is not the only charge; there are others which are compensated by 
equal opposite charges. Thus there are individual regions of positive and 
negative charge in every molecule.* Silicic acid ions exert on one another 
such strong electrostatic attraction, that the HO molecules cannot force them- 
selves in between. The electrolytic dissociation of calcium silicate consists, 
therefore, in the production of free, independent Ca ions, the silicate ions, 
however, grouping themselves together and remaining bound with the 
amorphous aggregations to which they belong. Consequently, under the cir- 
‘cumstances, only a surface layer of this aggregation has the possibility of 
throwing off Ca ions, and these must remain in the vicinity of the outer com- 
ponent of a double layer. Such ions as silicic acid may be called “colloidal 
ions” or “lazy ions.” + The case is similar with iron and other hydroxides. 
These always contain other ions. If, for example, Fe(OH), is prepared by 
precipitating FeCl; with NH, the Cl is found indissolubly bound up with the 
precipitate. A complex Fe —OH— CI compound must be assumed, regard- 
ing the exact composition of which one can only hazard a guess.2° This splits 
off OH or Cl ions, but develops a colloidal, Fe — containing cation which 
cannot go into solution. In the case of the silicate, the anion, accordingly, is 
the “lazy,” colloidal ion, while in the case of iron hydroxide the cation is 
colloidal. The electrical phenomena are in complete agreement with the 
above. The colloidal ion may be either an anion or a cation; furthermore it 
is to be expected that like other ions (albumin, amino-acids), colloidal ions 
may also be positive or negative, depending upon external conditions, espe- 
cially the pa value of the solution. Experience has shown that there are 
countless amorphous substances which form a negative colloid under all con- 
ditions; for example, silicates of the most varied composition, the resins, the 
higher fatty acids, etc. Furthermore, there are numerous amphoteric colloidal 
ions; albuminous substances (albumin, glue, silk, wool, metal hydroxides like 
those of Fe or Al); their charge depends to a particularly large extent on 
the pu. The isoelectric point lies at a certain pq; this occurs either on the 
acid side as is true of the majority of albuminous bodies, or on the alkaline 
side (many metal hydroxides). On the other hand, no amorphous substance 
has been discovered up to the present time which, while retaining its property 
of being molecularly dispersed and insoluble, yet forms positive colloidal ions 
under all conditions. Non-amphoteric metal oxides such as, for instance, 
AgO, Na,O, etc., always dissolve in the ionized form, so that colloidal ions do 
not get a chance to form, 

A factor common to all of these cases is, that there are no independent 
ions of the substances, except the colloidal ions. Thus silicates or silicic acids 
in general are only colloidally soluble. Likewisé it has not been possible to 
show that a suspension or a colloidal solution of Fe(OH), contains that com- 
plex, Fe — containing ion also in the ionized form. Of these cases certain 
ones are to be distinguished which the colloid-forming element, or adsorbent, 
possesses in addition to a well-defined although small solubility. Thus, for 
example, AgI possesses a very slight solubility, but it is perfectly definite 
owing to the constancy of the solubility product, [Ag] . [1]. A suspension or 
colloidal solution of AgI therefore always represents, in addition to the sus- 
pended particles of AgI, some independent Ag and I ions in solution, and 
neither Ag nor I has the properties of a lazy or colloidal ion, The possibility 
of a suspension of AgI exists only when more Ag] is present than is capable 


* See paper by I, Langmuir, this volume. J. A. 
+ McBain speaks of colloidal electrolytes. J. A. 
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of dissolving. Also, such an undissolved particle of AgI will, in general, be 
endowed with an electrical double layer; if AgI is precipitated out of AgNO; 
by adding excess KI, then the AgI will be negative, as Lottermoser has 
shown.* If excess AgNO, is used, then the precipitated Agl is positive. Evi- 
dently I ions are adsorbed in the former case, Ag ions in the latter. This sort 
of adsorption may be elucidated most clearly through a conception developed 
by Haber.2* In the Agl crystal there is a cubical arrangement of the Ag and 
I ions; each valence of an I ion is broken up into six components and unites 
with each valence component of an Ag ion. Consequently free valence bonds 
must exist at the surface layer of atoms of the crystal, at the I ions as well 
as the Ag ions; these valence bonds tie together oppositely charged ions. 
Thus each surface of a crystal, and moreover apparently every surface of 
any sort, possesses adsorptive power for ions. Depending on the concentra- 
tion of the Ag and I ions in solution, the adsorption of Ag or of I ions will 
predominate, and the particle take on a positive or a negative charge. 

Further discussion of this question, especially as it relates to whether the 
earlier view and that of Haber are merely different presentations of the same 
underlying facts, belongs rather more fittingly in a chapter on adsorption 
than in one on electrical phenomena. For the present purpose it will suffice 
to be able to derive a picture of the mechanism of the electrical double layer, 
sometimes in one way, sometimes in another, consistent with the conceptions 
of atomic physics. All of these conceptions, however, have been, thus far, 
of a qualitative nature only. We shall endeavor now to present what little 
is known of the quantitative relationships. In the first place it should be 
pointed out that a definite and intimate relationship does not exist. 


9. Tue INVALIDITY OF THE NERNST POTENTIAL FORMULA 


Following out the conception developed above, we may consider a mastic 
particle in a colloidal mastic solution, as being classed as an “electrode” in 
the sense that it, like a hydrogen electrode, has a tendency to send H ions 
into solution. Consequently one might conjecture that the potential, x, of a 
mastic particle might be expressed from py of the solution according to the 
Nernst formula, 

Te = In[ H*]* const. 
Experience has shown,*® however, that this relationship does not hold, if by 
the potential of the mastic particle we understand that potential which may 
be calculated on the basis of electric cataphoresis. Numerous experiments in 
the literature form the basis for this conclusion, and I have convinced myself 
of it, especially for mastic, by careful experiments (with Domboviceanu), not 
previously published. It is true qualitatively, to be sure, that the negative 
potential of the mastic becomes increasingly smaller (negative) with increas- 
ing H concentration and finally reaches zero; however, the variation is less 
in proportion than would be anticipated on the basis of the Nernst formula. 
According to the latter, a potential of 58 millivolts corresponds to a tenfold 
change in H concentration; actually the potential difference is much smaller, 
usually less than 10, and in certain cases only 5 to 6 m. v. Furthermore, it 
has not been possible to show, as required by the Nernst formula, that the 
charge is reversed at very high H-concentration. One might try to explain 
* See paper by A. Lottermoser, this volume. J. A. 
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this discrepancy in the following manner. The Nernst formula rests on the 
assumption that the electrode is in chemical equilibrium with the solution. 
For this reason it is not applicable, for example, to the case of a zinc electrode 
dipping in a solution which contains, say, Cu ions in addition to Zn ions. 
Similarly, mastic is not in equilibrium with a given electrolyte solution, be- 
cause experience shows for example that mastic in a solution containing Ca 
adsorbs Ca, that is, H ions are exchanged for Ca ions. It is necessary, in 
-order to exclude such a possibility, merely to carry out the cataphoresis ex- 
periments in HCl solutions of various concentrations. This is impossible 
practically, however, because HCI solutions dilute enough to render the mastic 
stable do not have sufficiently definite H* concentration. It is necessary to 
-work with buffers; as such I chose an acetate, namely, the lowest possible 


: 1 Cd 
concentration of sodium acetate (500 n). Here conditions are very favorable, 


for it scarcely is to be assumed that in the double layer Na ions are exchanged 
for H ions. In spite of this it was shown that the Nernst law again was not 
approached. ‘Therefore there is some sort of error in this idea. In fact, I 
believe there are two sources of error. The first consists of the following 
essential difference between a metallic hydrogen electrode and a colloidal 
acid. The metallic electrode has the tendency at first to send H ions into 
solution and therefore to remain negatively charged; next, however, the 
opposite tendency ensues, H ions attaching themselves to the surface, which 
thereby becomes positively charged. The osmotic pressure of the H ions 
in the solution, determines which of these two tendencies predominates, and 
whether the electrode is positively or negatively charged. A colloidal acid, on 
the other hand, has a tendency to send H ions into solution and to remain 
negative; the reverse of which is merely the tendency again to take up these 
H ions which have been split off and completely discharge itself. On the 
contrary, we cannot ascribe to a colloidal acid the tendency to take up H ions 
from the solution and become positively charged. Such a substance could no 
longer be referred to as an acid. Accordingly it is not to be expected that by 
varying the H ion concentration of the solution, the charge can pass the null 
point, which is characteristic of the theory of the Nernst electrode. Even on 
these grounds the charge on a colloidal acid cannot possibly vary with the 
H ion concentration according to the Nernst logarithmic law. The second 
consideration lies in the fact that it is exceedingly questionable whether a 
potential which can be calculated for the boundary between two phases from 
any sort of thermodynamic considerations, is identical with that potential 
which appears as the measure of cataphoresis in the Helmholtz formula. The 
potential at the boundary of a colloidal micell may be calculated, however, 
simply from the velocity of cataphoresis or related phenomena by means of 
the Helmholtz formula. The reason why the potential calculated according 
to Helmholtz cannot possibly be identified directly with a potential difference 
between two phases derived from thermodynamic considerations, becomes 
quite clear if we undertake a revision of the theory of Helmholtz, which was 
propounded in advance of ‘the ionic theory, and take into account more fully 
the properties of ions, the material substrate of the double layer. 


10. Gouy’s THEORY 


0 


It will be best to begin with a presentation of the ideas of Gouy “° and 


Chapman.”° 
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The Helmholtz conception of the electrical double layer is two free 
electric charges spread out flat as in a condenser; the idea of the flat distribu- 
tion of the double layer is attributed also to the Nernst theory of the electrode 
double layer. However, it is without significance for the Nernst potential 
whether or not this conception proves correct, but as soon as we consider 
electro-kinetic phenomena, an accurate conception of the intimate structure 
of the double layer becomes of great significance. Now Gouy has developed 
the view that at least the component of the double layer which belongs to the 
free liquid, not only has a flat structure but also possesses depth; this prop- 
erty of the double layer he called its “diffuseness.” The free ions which make 
up this component of the double layer do not lie in a strictly flat plane; 
instead the situation is to be visualized as follows: in the liquid adjacent to 
the solid boundary there are the same positive and negative ion species as 
within the liquid; and it is only the concentration,—whether there are one or 
more positive or one or more negative ion species,—that is greater in the 
vicinity of the boundary than within the liquid. The charging ions of the 
double layer are not the individual ion species present in the boundary layer, 
but rather they are the positive (or negative) charge due to the ions which 
exceed neutrality. Accordingly, then, there is merely an enrichment, in the 
boundary layer, of cations and a depletion of anions (or the reverse). Gouy *° 
therefore postulated that an ion species in the liquid is electrostatically 
attracted by the charged wall (or as the case may be, repelled), while on the 
other hand osmotic forces have a tendency to equalize the ion concentration 
everywhere. For certain simple conditions, Gouy developed a quantitative 
relationship. Let NV, and Na be the concentrations of the cations and anions, 
respectively, within the body of the solution; and assume that only these two 
ion species are present. Further, let 4d; and Aa be the coefficients by 
which NV, and N4 must be multiplied in order to give the concentrations of 
the ions in the surface layer; the first of these factors is >1, the other <1, 
and these factors vary, with the distance, z, from the solid wall in such a 
manner that both approach the value 1, for a great distance; corresponding 
to the distance, z, from the surface, let c be the free electric charge per 
unit surface, and D the dielectric constant. Then, according to Gouy, 


2me” 

é —— il aa ee 
Nx(4e—1) + Ni(4. —1) = BR 
According to the explanation given above either (4,—1) or (4,—1) is 
always negative. The resultant electric effect of this diffuse double layer may 
be considered to be replaced by a surface layer of free electricity if the latter 
is given a certain location, namely, if it is transferred to the center of gravity 
of the diffusion layer. One may also consider the diffuse electric layer to be 
replaced by a Helmholtz flat surface layer of a given thickness, 6, although 
this thickness varies over a wide range. The more diffuse the double layer, 
the larger must this value, 5, be assumed to be. 

The greater the charge and the more concentrated the ions in the solution, 
the less will be the “diffuseness” of the double layer and the smaller, therefore, 
the fictive value of 6. Gouy calculates for a charge at the boundary of 10 
electric units that 6 =in 0.1 m solution = 0.00096u, in 0.001 x solution = 
0.0096 u, in theoretically pure water = 0.01 wu. 

For large charges and for concentrated solutions, 6 becomes so small that 
we practically can make use of the conceptions of the Helmholtz theory, viz., 
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two electric Jayers opposite each other in a certain spacing ; in solutions deficient 
in ions, however, the diffuse layer extends noticeably into the solution. 

Recently O. Stern ® has advanced a theory of the diffuse double layer, 
which is probably nearer the truth than that of Gouy. 


11. Tue DirFerENcE Between © AND € 


The conception of a surface-like double layer consequently may be con- 
_ sidered as only a useful substitute, in certain instances, for the actual con- 
ditions. At least the outer component of this double layer is not exactly a 
layer but a physical structure of appreciable depth. If we imagine the latter 
to be cut up into laminations parallel to the solid boundary, these will not 
have equal potential, but the latter will vary with the distance. The ‘“Potential- 
sprung” of Helmholtz between points within the liquid is transformed into a 
gradual change. This view was first clearly developed by v. Smoluchowski,*! 
and especially by Freundlich.** In the accompanying sketch (Fig. 2), AC 
represents the boundary between the solid body, S, and the liquid, L. Then 
the variation of the potential according to Helmholtz is indicated, for example, 
by the broken line, EBCD, where the ordinates represent potential and the 
abscissze the distance from the boundary. A is the origin of abscissee. Accord- 


1a, Ze 


ing to Smoluchowski the actual course is depicted by the curve, ED. If now 
we consider an electric force acting as the result of an externally applied poten- 
tial drop tangential to the interface, the latter will act on the flat—say the 
negative—segment of the solid wall in the opposite direction from that on the 
free positive charge of the liquid. The free ions must drag the water along 
in some manner. Now the water adheres to the wall and the external electric 
force can set in motion only those water laminze whose adhesion to the wall 
it may overcome. In cataphoresis and endosmosis the water laminz next 
to the solid wall do not move (just as in the flow of water through a capillary, 
the water film adjacent to the wall flows practically not at all) but one water 
lamina moves against another relatively fixed water lamina. The water lamina 
fixed by the wall is the lamina between A and F. The potential difference 
which is calculable from cataphoretic velocity by means of the Helmholtz 
formula, is that between the two layers moving relatively to each other, For 
the Nernst potential, ¢, there is to be considered only the algebraic sum of the 
work which must be expended when an electric point charge is moved from a 
point within one phase to a point within the second phase ; for this purpose it is 
immaterial whether the force (the potential difference) which accomplishes 
this work, actually lies at a point in the separating interface, or whether it is 
distributed to a certain extent on both sides of the interface ; whether it is a 
question of a discontinuous jump in potential or a gradual change in potential 
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which may even rise and fall. For electro-kinetic phenomena, on the other 
hand, only that fractional part of the ¢-potential is to be considered which 
prevails between the motionless water layer and that moving against it. In 
general, the C-potential will therefore have the same sign but a smaller magni- 
tude than the €-potential; the case may also arise in which the C-potential has 
the opposite sign to the ¢-potential. Such cases have been pointed out by 
Freundlich and his co-workers. This case appears especially capable of occur- 
ring if the solution contains strongly adsorbable, tri-valent ions. 

The Nernst €-potential cannot be affected by adsorption phenomena at the 
interface; it is uniquely determined by the nature of the electrode and the 
concentration (preferably the activity) of that ion species which the electrode 
is capable of sending out; it is, however, independent of other ion species, or 
to put it in better form, it is dependent on other ion species only in so far as 
the latter influence the activity of the “characteristic” ion species. The C- 
potential, on the contrary, is dependent on the intimate structure of the layers 
in which the potential change lies. 


12. CoLLomps AS ELECTROLYTES 


An individual micell of a colloidal solution, inclusive of its electrical double 
layer, behaves, under the influence of an electrical potential drop, in many 
respects similarly to the individual molecule of a dissolved electrolyte. In 
both cases there is, to begin with, a space separation between the moving posi- 
tive and negative particles, which may be designated as electric dissociation. 
In the case of the truly dissolved electrolyte, this results in the splitting of 
the molecule into two individual ions; in the case of the colloidal micell it 
produces a splitting into the two sections of the double layer. In both cases 
the carriers of the opposite charges move in opposite directions under the 
influence of an external electric force. This motion is called conduction in 
the case of a pure electrolytic solution, and cataphoresis in the case of a 
colloid; both processes are completely analogous. In the case of the colloidal 
micells it is, so to speak, as though they consisted of independent, gigantic, 
polyvalent ions and equivalent quantities of ordinary independent ions of 
opposite charge. Between these two extremes lie all actual processes. The 
researches of McBain on soap solutions demonstrate the mechanism in a very 
instructive manner. The Na-salts of the lower fatty acids in water form pure 
binary electrolytes while those of the higher fatty acids assume more and 
more colloidal properties. Their anion component no longer exists as discrete 
fatty acid anions in solution, but form, instead, micells of fatty acids or of 
sodium salts of fatty acids, which are dissociated only at their surfaces. The 
circumstance of the anions remaining bound to one another brings about 
certain consequent electrostatic effects whereby the cations also, although per- 
fectly free to move among themselves, are not distributed uniformly, but are 
arranged in the form of a diffuse layer surrounding the anion complexes, 
and appear in conjunction with the latter in the structure of the electrical 
double layer. In electrolytic conduction, the outer ions move in one direction 
the inner “giant” ion in the other. Since the latter also can retain within its 
interior Na ions, it follows that in this case part of the Na migrates toward 
the anode as McBain has shown. For this reason the relations become rather 
complicated, but on the whole the cataphoresis of soap particles appears to be 
simply the manifestation of the participation of colloidal particles in conduc- 
tion, a conception first developed by v. Smoluchowski. Electrical conduction 


ELECTRIC PHENOMENA IN COLLOID CHEMISTRY 493 


may be considered, from this, to be the limiting case of cataphoresis, when 
there is the greatest possible dispersion of the dissolved substance, when every 
individual electric charge is free to move independently of the others,—inde- 
pendently always insofar as the free mobility is no longer restrained by the 
ordinary adhesive forces between molecule and molecule, but only through the 
electric field which a single free charge sets up about itself, an effect which, 
in the earlier theories of electrolytic dissociation was especially neglected, and 
has only recently been applied to the theory of electrolytic dissociation as a 
result of the investigations of Herz, Millner, Bjerrum, Ghosh, and Boernstedt, 
and chiefly by Debye, and has furnished the basis of the theory of ion activ- 
ities. While, however, this electrostatic effect is relatively slight in the case 
of pure electrolytes, so: that for a decade it was overlooked entirely, and even 
today enters electrolytic dissociation calculations merely as a correction factor, 
its influence in colloidal electrolytes is so preponderating as entirely to dominate 
the phenomena. Here we no longer may speak of the independence of the ions 
of one another; the giant ions force a certain configuration on the free ions of 
the solution as well. It should be possible, now, so to shape the whole theory 
of electrolytic dissociation, that the conductivity of the ordinary electrolyte 
appears as the limiting case of electric cataphoresis. We still are quite remote 
from a solution of this problem. Helmholtz’ theory of cataphoresis is based 
on the assumptions that the micells are relatively very large and that one may 
speak of a boundary surface of these micells in which a well defined electric 
density prevails. On the other hand, the electrolytic dissociation theory of 
Arrhenius presupposes that the electrolyte breaks up into independent ions with 
a simple or always limited number of elementary charges, and that the effect of 
the electric field which surrounds each ion, may be neglected in comparison with 
the mass effect that it would display in the unelectrified condition. A theory 
of electrolytic dissociation that embraces both cases has hitherto been entirely 
lacking ; the experiments on which to build it are inadequate. I had attempted 
so to shape the theory as to treat the micells as an independent polyvalent ion 
and then to apply the law of mass action in the same sense that it may be 
applied, for example, to a polybasic acid. These theories, arisen before the 
appearance of Bjerrum’s work, must today be considered to have failed on 
the grounds discussed above.* Recently Gyemant has conducted an investiga- 
tion with the view to working out the dissociation of micells from the electro- 
static point of view. But even with many simplifying assumptions, he was led 
to very complicated relationships, and the simplifying assumptions are made 
in such a fashion as to preclude the transition from the colloidal micell to an 
ordinary electrolyte. Accordingly up to the present it is possible merely to 
recognize qualitatively the similarity between a colloidal micell and a pure 
electrolyte, and to avoid entirely its quantitative expression. Indeed, the 
primary magnitudes which characterize the two cases are quite different. In 
a pure electrolyte we speak of concentration, degree of dissociation, dissocia- 
tion constant. In referring to a colloid, we speak of degree of dispersion, 
electric density of the surface charge, potential difference of the double layer. 
A certain approximation to both cases was represented by Gouy’s conception 
in which he ascribed to the double layer a diffuseness and, therefore, instead 
of dealing with an electric surface density he dealt with a space density of 
ions and accordingly with concentrations. But these are not homogeneous, 
being rather, like all the properties of a colloidal solution, periodically varying 
in any given direction- 


* Here Michaelis renounces the view supported by J. Duclaux. See this volume, p. 515. J. A, 
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12. OrrentTED AND Excuance Apsorption ; Acipoip THEORY 


The electric charge of colloids, in general, may thus be traced back to an 
electrical double layer. The question now arises as to what is the inner 
mechanism or chemistry by which-the arrangement of the electricity is brought 
about. Evidently forces must act which tend to counteract the tendency of 
the elementary electric charge so to dispose itself that the electrical energy will 
be a minimum. It seems to me that this cause may be traced back directly 
to three principal causes, of which we shall first consider two. We may desig- 
nate them as (1) formation of the double layer through oriented adsorption, 
and (2) formation of the double layer through the dissociation tendency and 
exchange adsorption. The third mechanism will receive special attention. 


A. Oriented Adsorption. 


The conception of oriented adsorption goes back to an idea of Haber’s. As 
is known, the ions of a crystal become fixed in position by residual valences 
of electrical origin. Thus the valence of a sodium atom in the NaCl crystal 
previously assumed to be unitary, is, according to present-day views, split up 
into six partial valences projecting into the three dimensions of space, extend- 
ing in opposite directions each way from the Na ion, and binding six Cl ions. 
Consequently the outwardly-pointing partial valences in the surface layer of 
Na ions are still unattached and are ready to bind to the surface negative ions 
of the surrounding solution. Thereupon follows anew the formation of a 
second electrical layer (according to Gouy to be considered as diffuse) outside 
of the crystal, that is, within the liquid, movable part of the solution. The 
best example which has been experimentally investigated is that discovered 
a long time ago by Lottermoser and more recently by Fajans. If, for example, 
AgNO, solution is mixed with KI solution, a precipitate of AgI is formed, 
which at first tends to remain in colloidal solution, and is found to be posi- 
tively charged. If, further, the quantity of KI added is accidentally equivalent 
to the AgNO, the precipitate agglomerates rapidly and is then electrically 
neutral. If this neutral point is exceeded by a rapid addition of an excess of 
KI, then the agglomeration is suppressed and the precipitate is charged posi- 
tively. Lottermoser was able to show analytically that the negative AgI held 
AgNO, adsorbed and that the positive AgI held KI adsorbed. The explana- 
tion is now simple according to Haber’s conception: If an excess of Ag ions 
are in solution, these will be adsorbed by the AgI to a greater degree than the 
I ions; whereas if there is an excess of KI in solution the I ions will be the 
more strongly adsorbed. The “indifferent” point does not necessarily lie 
exactly at the point of chemical equivalence; rather the isoelectric point cor- 
responds to a definitely determined concentration relation between the I and 
Ag ions in the solution. For instance, solid BaSO, is positively charged in a 
BaCl, solution, and negatively in a Na,SO, solution; and the isoelectric point 
is not given in a suspension of BaSO, in pure water (which contains equal 
amounts of Ba** and SO, ions defined by the solubility of BaSO,), but in a 
ar NazSOu,, according to Gyemant °° and to Michaelis and Dokan.*° 

In the case of such oriented adsorption the electric density, the potential 
difference, and the (mean) separation of the two components of the double 
layer may vary according to conditions in such a way, of course, that one of 
the quantities is always dependent on the two others. I should like especially 
to emphasize this point, because I can here recognize an essential difference 
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from the second type of double layer which is to be described presently. 
Haber’s idea applied at first to crystals, but there is no reason to believe that 
it should not be applied to amorphous aggregates as well, and perhaps better 
than to crystals. 


B. Dissociation Tendency. 


The theory of the dissociation tendency was first propounded by the 
-writer in 1910 with some errors, however. Today I would give it the fol- 
lowing exposition: there is a large number of evidently hetero-polar com- 
pounds, peculiarly prone to electrolytic dissociation, in which, one of the ions 
resulting from dissociation is incapable of existence in the molecularly dis- 
persed dissolved state. An example is silicic acid and the silicates. The 
probable anion of silicic acid is of old known as a lazy ion with undeter- 
minably small mobility and a poorly defined solubility, on account of the 
slowness with which equilibrium is established, etc. The matter may be 
visualized much better in the following way. The dissociation tendency of 
silicic acid is the same as that of any acid; however, the resulting silicic acid 
ions do not become molecularly dispersed, but remain bound up in colloidal 
aggregates. If a particle of silicic acid is placed in water, its dissociation 
tendency is made evident by the fact that the particle splits off H ions at its 
surface which arrange themselves as the outer component of the double layer, 
while the surface layer of ions of the silicic acid which remain bound to the 
particle, form the inner component of the double layer. If there are in solu- 
tion any truly dissolved electrolytes, then the H ions of the outer component 
may be partially or wholly replaced by other cations. According to the 
previous discussion, this is equivalent to exchange adsorption. 

The dissociation of a colloidal solution may be represented in the sense 
that not all of the surface layer of acid molecules in the aggregate split off 
H ions and one may speak under the circumstances of a “partial dissocia- 
tion” and a “degree of dissociation” of the acid. Since, however, according 
to Gouy we nevertheless are forced to ascribe a special depth to the H-ion 
layer, and to replace the latter by an imaginary flat H-ion layer placed at 
the electrical center of gravity, if we still intend to apply in the main the 
Helmholtz conception of the double layer, we may just as well say that the 
colloidal acid is always completely dissociated, like the molecule of a crystal 
or of a true acid (in the sense of Hantzsch) according to Bjerrum’s theory— 
and the more or less complete splitting off of H ions is then expressed by 
Gouy’s modification of Helmholtz’s idea, namely, the conception of a flat 
section of the double layer, having a variable thickness changing with condi- 
tions. This leads to the consequence that for a given colloidal acid only 
the thickness and the potential difference between the two components of 
the double layer are variable, not its electrical density. The latter is deter- 
mined rather only by the number of acid molecules laid on the surface. 
The changes which the electrical properties of the double layer can undergo 
as the result of exchange adsorption, can be traced back to the change in 
thickness of the double layer, which in its turn results in a change in the 
potential difference, while the potential difference for a given density is 
inversely proportional to the thickness. A strongly adsorbed ion, then, is an 
ion which, by exchange with the H ions of the silicic acid anion layer, forces 
itself closer than the H ion. It is immediately evident that polyvalent ions 
force themselves more closely to the anion nucleus than univalent ions, 
because they exert a small osmotic repulsive force against the electric forces, 
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for an equal number of elementary electric charges. This corresponds to 
the fact that the adsorbability of ions depends to a great extent upon their 
valence. These ideas may be applied not only to silicic acid, but also, for 
instance, to resinous acids like mastic, as well as to the so-called metallic 
hydroxides prepared in the wet way, which especially in view of the recent 
researches of Wo. Pauli, do indeed hold complex ions at their surface with 
the sharing, for example, of Cl; ions which are unknown in the dissolved 
state, and evidently are capable of existence only in the colloidal form and 
possess no definite solubility. » 

These substances collectively form, in consequence, a peculiar group among 
electrolytes—the electrolytes with a “lazy” ion. As in.the case of pure elec- 
trolytes, they may be divided into acidoids, the basoids, and the ampholytoids. 
As acidoids we have learned to recognize the above examples, we may add to 
them the fatty acids which, considering the beautiful investigations of McBain 
as a basis, merge from the true acids more and more into acidoids the longer 
the carbon chain. Of ampholytes there are numerous examples, on the one 
hand in albuminous colloids ; among these there appear to be, as in the case of 
the fatty acids, all gradations from the almost typically true ampholytes 
(serum albumin, ovalbumin, hemoglobin) to the unmistakable ampholytoids 
(denatured albumin, insoluble albuminous substances like silk and keratin). 
It is striking that up to the present it has been impossible to find an example 
of a basoid, that is, of a positively charged colloid which does not become 
negative in sufficiently alkaline solution. Those metal hydroxides which do not 
have an amphoteric character, such as KOH, Ca(OH)>s, have on the whole 
no tendency to enter the colloidal state. 


13. PoTENTIALS AS THE RESULT OF SPONTANEOUS DISTRIBUTION OF IONS 
AT THE FREE SURFACE 


The previously discussed modes of potential formation could all be under- 
stood on the basis of forces which also are recognized elsewhere in chemistry; 
residual valence in oriented adsorption, and dissociation tendency in the other 
form. In both cases we may ascribe the cause to a force whose origin lies 
in the material of the dispersed phase or of the wall. Now there is a series 
of phenomena which cannot be explained in this manner. Thus experience 
has shown that in general an electrical double layer is set up as well at the 
boundary of substances which are entirely unreactive chemically and in- 
capable of dissociating; for example, at the boundary between aqueous solu- 
tions and cellulose, collodion, and even gas or air bubbles. The striking part 
about this phenomenon is that the non-aqueous phase is always negatively 
charged with respect to the aqueous. Coehn has proposed the rule that every 
phase is negatively charged with respect to another phase of higher dielectric 
constant. This rule certainly is not correct in general, otherwise there 
scarcely could be any substances which become positively charged with re- 
spect to water with its very high dielectric constant; but of these there are 
many. The rule appears capable of more satisfactory application if it is 
confined to substances which, on account of their chemical nature, display 
no tendency to ionize. Nevertheless; we do not as yet know enough about 
charge-development at any interface, and we must be content preliminarily 
with simply the following rule as the only certain one: all substances of 
an electrochemically inert nature always become negatively charged with re- 
spect to the aqueous phases. The slight exceptions to this rule which thus 


ELECTRIC PHENOMENA IN COLLOID CHEMISTRY 497 


far have become known will be considered presently. Even under conditions 
such that electrolyte-like solid phases, which in general appear negative, be- 
come positively charged, inert substances almost always retain their nega- 
tive charge. Thus, for example, glass, kaolin or mastic—which almost always 
are negative—are at first discharged by Al salts in extremely low concen- 
trations, and become charged with the opposite sign only in moderately 
high concentrations. On the other hand, cellulose or collodion become com- 
pletely discharged in high Al concentrations, but whether any reversal of 
charge occurs is very doubtful; at least the magnitude of the charge is 
scarcely greater than the experimental error of the measurements. These 
results were obtained in my laboratory by Gyemant, for cellulose, agar, 
collodion, and more recently by Jacques Loeb for collodion and a few other 
substances. Only by means of tetra-valent thorium was Loeb able to show 
a + charge on collodion. These results were different only if the collodion 
had previously been in contact with an albumin solution. The collodion 
thereby became coated with a film of albumin which could not be washed off, 
and the surface assumed all the amphoteric properties of an albumin solu- 
tion. However, in all cases where such an irreversible coating was not 
formed and an effective collodion surface was exposed, the previously de- 
scribed phenomena prevailed. Further, the phenomena of ballo-electricity 
lead us to suppose that even the free surface of a liquid can show a potential 
difference, compared with its interior. If, therefore, we seek to explain this 
potential difference principally through the formation of an ion-double layer, 
then it remains simply to accept the fact that an inert surface also can 
“adsorb” ions. According to the definition previously given, this can be 
only an “apparent” adsorption, that is, the forces effecting the adsorption lie 
in the solution itself, while the so-called “adsorbent” is entirely non-partici- 
pating. A few years ago I set up the following working hypothesis in the 
attempt to explain these phenomena. It is necessary merely to assume that 
the OH ions of water are more capillary active than H ions. Then it 
is at least conceivable why the surface of all inert substances is negative 
toward pure water. Loeb formulated a similar thought in the following way: 
he employed Langmuir’s theory that many unsymmetrical molecules tend 
toward a certain orientation in the surface. Now Loeb assumed that the 
water molecules were oriented in the surface with their OH groups out- 
ward. Regarding the influence of electrolytes on potential, he found the 
following. For inert substances like collodion, graphite, and gold, cataphoresis 
experiments showed that a negative potential always exists toward the purest 
water obtainable, but scarcely exceeded a value of about 7 millivolts. This 
potential was now strengthened by the addition of numerous electrolytes. 
The effect of the electrolytes was to carry the potential, with increasing 
concentration through a maximum, which seldom exceeded 60 millivolts. By 
varying the anion, the negative effect of the same increased with its valence ; 
if the cation was varied, the negative effect of the electrolyte decreased with 
the valence. In general, the maximum attainable potential was about 60 
millivolts in the highest case and 0 in the lowest. With trivalent lanthanum 
a doubtful charge on the positive side was observed in the highest concen- 
tration, and only tetravalent thorium produced an energetic + charge in low 
concentrations. This specific nature of thorium was previously observed by 
M. C. Taggart in its effect on the charge at the surface between aqueous 
solutions and air bubbles. In any case, up to the trivalent ions, a definite posi- 
tive charge is not producible on these inert substances, and this seems to me to 
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be the essential point of difference from dissociating surfaces; for glass and 
all silicates as well as mastic, become strongly positively charged by trivalent 
ions even in very small concentrations. 

The charging effect of electrolytes at inert boundaries is not explained 
on the basis of any of the earlier developed theories; and it is necessary to 
conclude, therefore, that it rests on a distribution tendency of the ions inde- 
pendent of any simultaneous action of the inert surface. 


14. Tue IsoeLectric PoInt 


We have repeatedly mentioned the fact that many colloids can be dis- 
charged by certain electrolytes. When the concentration of these electro- 
lytes is gradually increased from O, a certain concentration must be reached 
at which the charge is equal to zero. The colloid is then at the isoelectric 
point. To define the isoelectric point for a given colloid, it is sufficient there- 
fore to state the concentration of the electrolyte at which -the charge is equal 
to zero. The isoelectric point furthermore varies with the nature of the 
discharging electrolyte. We have seen that the discharging of a colloid almost 
never occurs except if a polyvalent ion, especially a polyvalent cation, is 
involved. Hydrogen and OH ions are the only univalent ions which can 
produce discharge. This case occurs quite frequently, however, and has a 
very important practical as well as theoretical bearing, while for physiology 
the discharging power of H and OH ions is of quite special significance, 
because tri- and tetra-valent cations never occur under physiological condi- 
tions. When we speak of the iso-electric point, we mean, as a rule, that 
concentration of H ions at which this reversal of charge appears. Now, 
to be sure, all other univalent ions have some influence on the charging of 
colloids, and if, in general, they cannot produce a charge, nevertheless it 
is to be expected that they have an influence on the py value necessary for 
discharge. But in practice it is not possible to change the H “ion concen- 
tration of a solution without simultaneously changing the concentration of 
other ion species, and consequently it seems at first glance an unsatisfac- 
tory proceeding to define isoelectric point as that of the H-ion concentra- 
tion necessary for reversal of charge. On the contrary, however, I have 
been led to conclude that in numerous instances the H-ion concentration 
required for reversal is practically uninfluenced by the presence of numerous 
other ions in moderate concentration, provided they are not of the extremely 
active type like trivalent metal ions or alkaloid ions. I have been able to 
acquire this information, for example, for denatured and genuine serum 
albumin, gelatin, casein, hemoglobin, and others; all purely albuminous sub- 
stances as will be noted. The various H-ion concentrations were produced, 
as a rule, by mixing weak acids with their alkali salts which I called regulators. 
Mixtures according to the same principle were produced about the same 
time by Sorensen, and were given by him the present widespread name of 
buffers. I can now show that within rather wide limits, the H-ion concen- 
tration which characterizes the isoelectric point, is independent of the kind 
and concentration of the buffer solution. Of course this cannot apply to 
every sort of buffer, but it has been shown, for example, that for an albumin 
solution the isoelectric point lies at practically the same H-ion concentration 
whether the buffer is produced from acetic acid, propionic, lactic, laevulic, 
cacodylic acids, or phosphates. On the other hand, when citrate buffers are 
used a significant departure is observed. From the consistency of these 
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various methods, one may conclude that with all these buffers; so far as 
they show agreement, the influence of the H ions, as determined, outweighs 
practically completely that of the other ion species. And thus for each 
chemically characteristic type of albumin, we can assign a characteristic iso- 
electric point which is just as much an attribute of the substance assay; 
its melting point. If then, we define isoelectric point from now on in the 
above sense, and inquire which sort of colloids principally have such a point 
-and which not, then we find without exception the following: all colloids 
which on account of their purely chemical behavior must be considered as 
amphoteric substances, forming salts with acids as well as with bases— 
possess an isoelectric point. On the other hand, all substances which chem- 
ically are non-amphoteric (“einsining’’) do not possess an isoelectric point. 
Here we are confronted with a question we have already dealt with from 
another viewpoint. 


16. THE DonNAN POTENTIAL * 


As a result of the work on Jacques Loeb, the question of the Donnan 
potential in the colloidal state has become one of lively interest. We are 
discussing here only the general aspects of the problem. 

A large number of electrical phenomena in colloids may be advantageously 
treated by means of a thermodynamical method first considered by Donnan.*? 
Imagine two electrolyte solutions separated by a membrane permeable for 
all ions except one, which is in solution I but not in solution II. Such a 
membrane, for example, is collodion, which is impermeable to Congo-red 
ions. Suppose Congo-red is present in solution I as its Na salt, and that 
NaCl is also present. Diffusion leads to an equilibrium, which we may 
analyze as follows: 

In solution I are ions of Congo-red R°, Cl, and Na*; in solution IT only 
Cl and Na*. From the basic law of electrical neutrality, the following 
equation must apply to solution II: 


[Na*] u— [Ch]z (1) 

and in solution I 
[Nat],= [Cr]: + [R']. (2) 
Therefore in I [Nat], cannot equal [Cl], , and [Na*], -cannot. equal 


Na*|n. 

Te equilibrium conditions may be determined on the basis of thermo- 
dynamics. The equilibrium is characterized by the fact that by isothermal and 
reversible transport of a very small quantity of NaCl from one solution to 
the other, no work is caused. If dn moles NaCl are transported, then dn 
moles of Nat ions and dn moles of Cl ions must be simultaneously trans- 
ported in the same direction. The former gives an amount of work 


i Clr aa 
dn.R.T.In ee the latter dn. R.T.In Ga ; 
a‘ |r I 
The sum of both these amounts of work must equal zero, hence 


[Nat]. [Cl] = [Na*],. [Cr]. (3) 


The equations (1), (2) and (3) contain five different quantities. Assum- 
ing that [K-] is given, and that in addition one of the other quantities 1s 
known, the three others may be determined directly from these three equa- 


* This section translated by J. Alexander, 
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tions. In this manner we can determine in each solution the equilibrium 
concentration of each individual ion, and furthermore the total molecular con- 
centration and therefore, e.g., the osmotic pressures in each solution. 

So far as electrical phenomena are concerned, we are interested only in 
the calculation of the potential difference between the solutions. The origin 
of the potential difference may be considered qualitatively as follows: Since 
at equilibrium solution I has more Cl ions than solution II, there is a 
tendency for Cl ions to move from I to II. But since transfer would 
destroy electrical neutrality and give rise to a difference in potential between 
I and II, it can occur only to an indeterminably small extent, in fact only 
to such an extent that the electrical potential difference caused thereby would 
just counterbalance the diffusion pressure. On the other hand, the Na* ions 
try to move from solution II to I, that is, in the opposite direction. Since, 
however, they have the opposite charge, they give rise to a potential differ- 
ence of the same sign. This potential difference can likewise be calculated 
quantitatively from thermodynamic considerations. For this purpose, let 
us imagine that a very small amount of positive electricity is transported from 
I to II. Our unit of electrical quantity is 96,540 Coulombs = F, and we 
will assume that a very small quantity du. F is transported. This transport 
is brought about by the migration of several positive Nat ions from I to II, 
and several negative Cl ions from II to I. Both kinds of ions take part 
in the transport, according to their respective mobilities, U and V; the Na 


U iis V 
ions have a part Teas dn, and the Cl ions a part pay dn. 
The osmotic work which yields the Na ions is 


bNile 


dn.R.T.In [Na'T,’ 


2. US 
U+tV 
and the osmotic work of the Cl ions is 


Vaark [Cr], 
caer dn. R.T.In ear: 


Now, according to (3), 


PNa le eel Cla 
DNia eaten | Clie 


and the sum of the osmotic work is therefore 


U | Nat] rr Va ; [Cl], eat [Nat] II 
T+V pan Set RH [Nay -- pour dn.R.T In feritan dn. De aN * 


Let E represent the potential difference; then the electrical work in this 
transport is dn. &.F, The sum of the electrical and the osmotic work is 0, 


therefore 


On LT ane RT Ines ir, whence 
I 
oa Ize [Na*] Ir ~ Cha. [Crs 2 
ieee a ln We caine (4) 


Formula (4) has the following significance: once we determine the con- 
centration relations of either one of the diffusible ions, we can find the po- 
tential difference from (4). 


ELECTRIC PHENOMENA IN COLLOID CHEMISTRY 501 


The assumption on which this deduction is based was that a single electro- 
lyte, NaCl, was present in addition to the non-diffusible ion, and that it has 
two monovalent ions. The argument may be generalized and extended to a 
mixture of any number of electrolytes and ions of any valency. We will 
assume that in solution I the non-diffusible ion, which may have any de- 
sired valency, is present in the equivalent concentration [R-]. In addition 
let there also be in solution I various cations in the molar concentration 
[K,*];, [Ke*]r, etc. Let the valencies of these cations be y1, y2 .. . 


Let there be present various anions in the molar concentrations [Ay] re 
[A2"]; ... , whose valencies are a;, a ....- Then the electrical neutrality 
of the solution demands that 
vilKy], + yo[Kelr+. .. = a[Ai];+ o[As];+....4+ [R]. 
In solution II electrical neutrality requires that 
vi[ Kaa + Yel Ke | + 2 SO [Ag |r + Oe [As ]rz + D. acl enc 


Comparing these two equations and remembering that the right side of 
the first equation contains the member [R‘], it is obvious that the concentra- 
tion of the individual diffusible ions in I and II cannot be equal to each other. 
The balance is characterized by the fact that in the transport of dn equivalents 
of any selected electrolyte from I to II, the osmotic work must equal 0. We 
must here say electrolyte, and not ion, because the transport on one kind of 
ion involves electrical work. The dn equivalents of any selected electrolyte 


contain EH dn cations of a valency of y, and *) dn anions of a valency of a. 


If we remove one equivalent of any particular electrolyte, whose cations 
at equilibrium have the concentration [K], and [K |, respectively, the trans- 
IT 


port of the cations requires the work — .dnRT .In 


[K]r 
In like manner the transport of the anions belonging to these cations 
requires the work : MOG TAY? rani 
ZT 
The sum of these two amounts of work must be 0; therefore 
la) ees): : 
[K], 7 ~ \ {Ant )” vd 


Now we may regard the combination of the first cation with the first anion 
as an “electrolyte,” or just as well the combination of the first cation with any 
other anion. The formation of an electrolyte from a pair of ions is arbitrary, 
and for each electrolyte the formula (5) must apply. It therefore follows 
throughout that 


Bey = (Ulan (tee (Wee ce 
[Ka], [K.]r [Ai] a [As] ir 
If we designate the concentration ratio of any monovalent pation in I and 


Il by r, then the relation of any cation having a valency of v= r”, and of 
1 


any anion having a valency of v= va i 


To calculate the potential difference between I and II, imagine that dn 
equivalents of positive electricity are transferred from I to II. This transfer 
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can take place only by the simultaneous transfer of a certain amount of 
each kind of cation from I to II, and of a certain quantity of each kind of 
anion from II to I. 

Let the total amount of electricity transferred be dv. F coulombs. Each 
individual kind of anion shares fractionally in the transfer to the extent 
demanded of it by the transference number fixed by the conditions. 


If 1, uw, .. . are the transference numbers of the individual cations, and 
U1, U2... , those of the anions, then 
Wtuw+t+...t+utat...=l. (7) 


The transfer of u,.dn equivalent cation of the first variety involves the 
osmotic work 


1 Kaike (Pe) a 
— .u,.dn.RT .In ——=— = u,.dn. RT .In 1 
ro ae [Ky]r i [Ki], 
A similar expression applies to the other cations. The transfer of the first 
variety of anion involves the work 


Ay ae 
U1 .an RT. in(Lale) a, 


and similarly for the other anions. 
Now since according to (6) the expressions affected by the logarithmic 


sign are equal to each other, the total osmotic work is 
1 


Cig tee lee onl oer, mere ee ie 
According to (7), the parenthetical expression = 1, and therefore the 
total osmotic work involved in the transfer of all the ions equals dn a lnr, 
v 


wherein 7 denotes the relative concentration of any variety of positive ion 
in II and I, or that of any variety of negative ion in I and II, and v denotes 
the valency of such ions. 
The electrical work here involved is dn. F.E. It equals the osmotic work, 
and therefore the potential difference EF is 
ae 
E = —.Inr.* 
ver (7a] 
For a temperature of 20°, using Briggsian logarithms (having a base 


of 10) 
4 : . 58 logy) r millivolts. 


It is of interest to see what influence on the potential is exerted by a 
variation in the concentration of the impermeable ions as well as of the indi- 
vidual permeable electrolytes. We will take up the calculation only for 
monovalent ions, and to establish definite conditions, we will assume the 
impermeable ion is a cation and that it is present in the equivalent concentra- 
tion q. In addition suppose there is present one monovalent electrolyte, and 
that the concentrations of the anions is ay and ay respectively, and of the 
cations k, and ky, respectively. Electrical neutrality requires that 


q > hi Os. (8) 


* In means natural logarithm or log vam aA. 
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From the equilibrium conditions above given we have 
Ry. @y == Ry Grr 
Of kz, Griz... (9) 
From (8) and (9) we have the quadratic equation 
a’; —q.a; —@y = 0. 


Solving this for a; we get 


= $44($) +o (10) 


The other possible root of the equation, having a minus sign, has no 
physical significance, because when g =—0, a; =a7;, but does not become 
equal to —a,;. Solving for ay, we get 


Gyr = Va?, — 7g. (11) 


Substituting in (8) the value for az, we have 


bm =—44 (4) ter. (12) 


Solving (8) and (9) for kr, we get 


ire Vk; a erg. (13) 


Comparing (10) and (12) it is obvious that a;>k;. 
The difference becomes greater in proportion as g is greater. If we wish 
to see the influence of variation of the diffusible electrolytes, we have from (13) 


tees q 
RTA orE 
Therefore, ae 
ESE 2 i en 
E= 55 m(i+¢ : (14) 


If we vary the total quantity of diffusible electrolytes, k; must likewise 
vary in the same direction. Now (14) shows that — is a symbate function 
of k; and therefore of the total quantity of the diffusible electrolytes, running 
on without maximum or minimum. The smallest conceivable value of k,; 
is 0, which exists when the total amount of diffusible electrolytes =O. In 
this case, according to (14), EH = o. The greatest conceivable value for k, 
is 00, which exists when the total amount of diffusible electrolytes is 0. Then 
E=0O. From this it is evident that as the total amount of diffusible electro- 
lytes increases, the potential verges toward 0. 

The next question to consider is how the potential is affected when one 
diffusible ion is only partially substituted by another of the same valency 
and the same charge. Assume that a non-diffusible cation is present in solu- 
tion I in a concentration q; in addition let an anion be present in the con- 
centrations a, and a;,; respectively, and two different monovalent cations in 
the concentrations /;, /;; and m;, mz. Then the following equations apply : 
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(QQ) &itm+q =a 


(2) ils -- Mo = arr 
diy Mt, Or 
(GD), (4) ie i Miz = ries! 


Assuming that three of the seven variables in these equations are given, 
that is, qg, a7, J;, the other four unknowns can be calculated as functions of 
the three known quantities. Thus, e.g., solving for a;;, we get 


an = Ve; — aq. 


In this equation neither J; or J;, occur, and the result is the same as if, 
in place of the two cations, there was a single one of the same total con- 
centration. Thus we also have 


an — i—4 
ary = ay 


and therefore the potential is independent of how the concentration of cations 
is distributed with reference to the two cations. 

This has the following significance: the potential is unaffected if one 
diffusible ion is replaced by a mixture of different kinds of ions having the 
same charge and valency. This brings to light the fact that the potential 
is independent of the chemical individuality of the ions, but is determined 
solely by their valency and the sign of their charges. 

All our previous deductions were founded on the basic assumption that 
in the reversible and isothermal transport of 1 mol of ions from a solution 
in which their concentration is c; to a solution in which their concentration 
is ¢;,, the amount of work involved is 


RTIn— = 


This assumption is only Bc a correct. In reality in place of the 
molar concentrations, we should use the thermodynamic activities in the sense 
of G. N. Lewis, whereas in all those equations which express the electrical 
neutrality of the solutions, e.g., equations (1) and (2), the concentrations 
must remain. This will involve a change in the distribution of the ions in 
such a manner that, e.g., in equation (6) we must include everywhere within 
the square brackets the factor involving activity instead of that involving 
concentration. 

According to G. N. Lewis and N. Bjerrum, concentration may be converted 
into activity by multiplying by an activity factor f, which in the case of very 
dilute solutions with nothing but monovalent ions, is practically equal to 1. 
With increased concentration of electrolytes, especially in the presence of 
polyvalent ions, there appear perceptible variations from equation (6), if we 
use concentrations instead of activities. 

There are no experiments along this line, but the following conditions 
seem to mitigate the variations to be expected. In the first place, as we have 
shown, the larger and definitely measurable potential differences are obtained 
only if the electrolyte concentration is small. In this case, however, the 
variations are small. Secondly, in the analysis of the distribution equilibrium, 
especially in the investigations of Jacques Loeb, there is generally used a 
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method which measures the activity of ions and not their concentration. 
Thus, for example, the H-ion concentration in both solutions, and some- 
times the Cl-ion concentration, are determined by potentiometric measure- 
ments. 

In the case of H ions we measure the so-called py, and this quantity is 
not, as has been previously assumed, the negative logarithm of the concen- 
tration of H ions, but of the thermodynamic activity of H ions. Thus the 
error involved in the theory of the authors was sometimes unintentionally 
corrected by the experiment itself. Since writing this, Hiickel 4? has developed 
this matter. 

The most complete confirmation of the Donnan theory is found in the 
experiments of Jacques Loeb,?* who used gelatin in acid solution as the non- 
diffusible cation, and collodion as the semi-permeable membrane. A 1 per 
cent solution of gelatin with varying amounts of HCI was placed in a col- 
lodion bag and dialyzed against pure HCl until equilibrium was reached. 
Then the external and the internal concentrations (really activities) of H 
ions and of Cl ions were determined, and in addition the potential differ- 
ence between the outer and the inner solutions across the membrane was 
measured electrometrically. The two solutions were connected by means of 
a capillary tube filled with KCI solution, each in connection with a calomel 
electrode; and these were connected with an electrometer. 

There was satisfactory agreement between the potential difference meas- 
ured directly, and that calculated from the equilibrium analytically measured. 
The theory finds increased application in that it may be carried over to cases 
in which strictly speaking there is no membrane present. The application 
of the theory to such cases began with the experiments of Procter ** on 
the swelling of gelatin jellies in dilute solutions of HCl and led to the theory 
of solution of Procter and Wilson,®®> and further of Wilson and Wilson.** 

The authors assume that gelatin under conditions where it does not dis- 
solve but only swells, is permeated by the outer solution in such wise that a 
similar ion balance is formed as in true membrane experiments. 

If the solution contains, e.g., HCl, the gelatin molecules bind H ions by 
means of their NH, groups,* and thereby become positive ions with an 
NH;* group. These positive gelatin ions are, however, not diffusible, but 
form the framework of the jelly. Because of their cohesion they cannot 
diffuse into the outside solution, just as in experiments with a truly fluid 
solution of gelatin within a membrane, the gelatin ions are prevented by 
the membrane from diffusing into the outer solution. The conditions for 
the production of a Donnan equilibrium are therefore the same as in a mem- 
brane experiment, and there must in like manner arise a potential difference 
between the interior of the gelatin and the outer solution. 

The theory was extended still further by Jacques Loeb by assuming that 
the Donnan equilibrium also governs the distribution of ions between the 
individual microscopic or ultramicroscopic colloidal micells of a colloidal 
solution, and the dispersion medium. A capital support for this view was 
found by Loeb in the fact that, within the limits of experimental error, the 
colloidal degree of dispersion of protein solutions is determined exclusively 
by type of charge and by the valency of the ions, while their chemical char- 
acter is without influence. For the conditions governing his experiments, 
Loeb has doubtless proven the correctness of this view. That is no reason 


* This simple explanation is obviously not so, since Blasel and Matula found that deaminized 
gelatin bound about as much acid as the original gelatin with its amino groups intact. J. A. 
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why, however, under other conditions, especially with more highly concentrated 
solutions of electrolytes, the chemical individuality of the ions may not come 
into evidence, and ions of like charge and valency have different actions on 
the colloidal condition, which expresses itself in the lyotropic Hofmeister 
séries.* ibs 

It must be recalled that similar phenomena occur in all ion activity, 
which are made more comprehensible by the theory of Debye. In all activities 
of ions we must distinguish two zones of concentration. In lower concen- 
trations the action of ions depends only on their valency and kind of charge. 
In higher concentrations, on the contrary, each ion has an individual prop- 
erty, which in the case of symmetrical ions, e.g., monatomic ions, must be 
conceived of as a function of the ionic diameter. 

Details regarding the application of the Donnan theory to colloids in the 
sense of Jacques Loeb are given elsewhere in this book. 

The Donnan theory of membrane potential is valid only when thermo- 
dynamic equilibrium is established between two solutions separated by the 
membrane, i.c., when all possible diffusion processes have taken place com- 
pletely. There is another possibility of a membrane being efficient electrically, 
when the two solutions separated by the membrane are not in equilibrium, 
but a diffusion is occurring across the membrane. This question has just 
been treated by L. Michaelis.** 
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The Specific Inductive Capacity of Substances in the 
Colloidal State 


By Pror. Dr. J. Errera, 
University of Brussels, Brussels, Belgium * 


It is agreed’ that the specific inductive capacity of matter may be 
attributed to two effects: first polarization by orientation or displacement 
of heavy and charged particles (atoms, molecules, or molecular groups), and 
second by the movement of electrons in the interior of each particle, which 
determines polarization. 

We have elsewhere described? the facts which led to the idea of spe- 
cific inductive capacity and the methods usually employed to measure it. 
This electrical property of matter is generally defined thus: the specific induc- 
tive capacity of a medium is equal to the capacity of a condenser containing 
this medium, compared with the capacity of the same condenser containing 
air—strictly speaking, void. 

I. Since in a colloidal system the dispersion medium and the dispersed 
phase are generally not the same, we will first consider the question whether 
a colloidal system has a specific inductive capacity different from that of the 
dispersion medium. 


A. Tue Dispersion MeEpium ts Liguip 


In this case the most rational comparison is that between the specific 
inductive capacity of the solution, and that of the ultrafiltrate. 

We will follow the classification of colloidal solutions into “highly sol- 
vated” and “slightly solvated” according to the equilibrium between the dis- 
persion medium and the dispersed phase. 


(1) “Slightly Solvated” Solutions. 

(a) Non-aqueous Dispersion Medium.—In 1897 Millikan® studied the 
specific inductive capacity of an emulsion of water in a mixture of benzene 
and chloroform. He considers the water droplets as conductors suspended 
in an insulator, and tried to verify the formula of Clausius-Mosotti 


1+ 2% 


iL 2 


ie 


where k is the specific inductive capacity of the emulsion, k’ that of the 
insulating dispersion medium, and + the ratio between the volume of the 
dispersed phase and the total volume. Millikan studied solutions whose con- 


2 


soi let 
centration réached as high as 17.7 per cent, the ratio y being between 1 (for 


* Translated by Jerome Alexander. Specific Inductive Capacity is Dielectric Constant. 
597 
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the dispersion medium alone) and 1.5; a satisfactory agreement with the theo 
retical formule was found. , 

We have measured ‘ the specific inductive capacity of alcosols of platinun 
(0.22 per cent), of gold, of cadmium (0.2 per cent), prepared at — 80° accord 
ing to Svedberg’s method. These sols had a specific inductive capacity of abou 
1 per cent more than that of pure alcohol, but this increase may be accountec 
for either by condensation of atmospheric moisture during pulverization, or els 
by a chemical transformation of the alcohol. 

(b) Aqueous Dispersion Mediwm.—The inductive capacity of the colloida 
solution is the same as that of water in the following cases:* sols of benzo 
purpurine (Gribler) 0.5 per cent; arsenic trisulfide 0.5 per cent; silver sul 
fide 0.2 per cent; silver (Bredig’s method) with 77 and 93 mg. per liter; ¢ 
fresh solution of soap having a surface tension markedly below that of pure 
water, a freshly made ferric hydroxide sol, a sol showing Majorana’s phe 
nomenon, and an aniline blue sol. 

It seems, then, that most colloidal solutions of the “slightly solvated’ 
class have the same specific inductive capacity as the “solvent.” However 
by studying the sols of vanadic anhydride® we have found it an interesting 
exception in two respects: their specific inductive capacity is very high (é 
3 per cent sol has a s.i.c. of 1280, not a maximum value, but about 15 times tha 
of other known liquids), and their specific inductive capacity (“dielectric 
constant’) is not constant. These anomalies are caused by the rod-like shape 
and perhaps the structure, of the micells of V2O;, which is furthermore the 
cause of the well-known optical anisotropy of these sols. In order that thes« 
optical and electrical phenomena both be produced, there is necessary, accord: 
ing to our experiments, that a directive force be superimposed on the hap. 
hazard Brownian motion and orient the micells; the more powerful the 
directive force, the greater the number of particles oriented, and the highes 
the specific inductive capacity. The particles are therefore subjected to twe 
antagonistic forces: as these are caused to vary, the specific inductive capac: 
ity varies correspondingly. This explains the increase of the specific induc- 
tive capacity which tends toward a saturation value when the intensity 0! 
the electric field increases, and its rapid diminution as the temperature 
increases. The current frequency also influences the specific inductive capa. 
city, which may be attributed to the directive effect of the electric field: Witt 
high frequencies, corresponding to waves of about 30 m., the dipoles, that is the 
dispersed phase, have not time enough to orient themselves with each inver- 
sion of the current, and therefore the specific inductive capacity is that of the 
solvent alone. The specific inductive capacity increases in direct proportior 
to the diminution of the frequency: the particles have time enough to follow 
the pulsations of the current, so that for a frequency corresponding to < 
wave of about 100 km. the specific inductive capacity reaches a saturatior 
value, all particles being oriented. Additional variables influencing the specific 
inductive capacity of sols of vanadium anhydride are concentration, tempera: 
ture, the age of the solution and the time the current has been traversing it 
The two latter factors are comprehensible thus: like all other colloidal solu 
tions, V2O; sols change with age; a freshly prepared sol shows neither double 
refraction nor increase in specific inductive capacity. The appearance o! 
these phenomena goes hand in hand with a certain phase of this change witl 
time: this phase is the preliminary step toward coagulation, but an extremely 
slow coagulation during which the particles, as they grow, take the shape 
of little rods and probably a crystalline structure. The same fact explain: 
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why the specific inductive capacity increases with age. It increases under 
the influence of the electric current which also has a coagulating action and 
which, so to say, artificially accelerates ageing. © 


Specific Inductive Capacity 


55 es ET] 40 30 60 cy Ly 90 


Current Intensity in Milliamperes 


Fic. 1.—Influence of current intensity at different frequencies. Concentration of sols 
0.30 and 0.32 grams per liter. Temperature 18°. 


The sol of V,O; is an instance where we have combined in characteristic 
manner these different factors, which are indeed the cause of the specific 
inductive capacity. According to Debye, the motion of the electrons within 
the elements constituting water, gives a specific inductive capacity of 4; the 
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Fic. 2.—Influence of current frequency. Concentration of the 3 sols is 0.0075, 0.03, and 
0.06 grams per liter. Temperature 19°. 


polarization of the water particles as dipoles, raises the specific inductive 
capacity up to 81, and finally the orientation of the V.O; rodlets, brings it 
up to 1300, the value found experimentally. 

Below ave given two graphs showing certain variation of the specific 


inductive capacity of VO, sols. 
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(2) “Highly Solvated” Solutions. 


The specific inductive capacity of these sols usually differs from that of 
the pure dispersion medium. 
Below are given the experimental results, the measurements having been 
made by Fiirth;® gelatin had already been studied in 1897 by Drude. 
Per Cent Con- Specific Induc- 


centration of tive Capac- 
Sol. ity 


TeCit iti «heehee eens ae ees 0.075 Wis 


PED Sift t= Fics sie heen. seo take riers eels arcu yaiarenal Sacer n ayehe 


TErypsim” Betvererde cere ee 5 ie ceca POI Rat Sic 


Gelatin (Superfine) Wee sane iaehoeniiecirenie tenn raate 18 


ANiMoyeraaiay (Chel AIDeWEI) As seaccdonbocceoomeeeneéc 0.24 76.0 


Human blood (before coagulation)............ 85.5 
Human serum (centrifuged from ppt.)........ 85.5 
ELOrsey SCrUite greases Ve eet ie mer a ee ee 85.0 
Anti-diphtheretic serum 
Guinea pig serum 


Human serum ReMi ou qaoneaase 85.5 
heated 34 hr. at 50°... 83.3 


EA YZ) INR, sosconc 81.9 


LIME CALCU mete ete 85.2 
heated % hr. at 50°... 82.8 
agitatedie:/ jm licamee eee 82.8 
C@)ienormal ae ere 85.5 
(CO) eal tinier 82.4 
(@)ieelobulintaeeeneeeereee 85.2 


Guinea pig serum 


awe NOWRA 


<LI 
wea Sw rr” 


Human serum 
treated with 
ammonium sulfate 


— aan 


lumian <mille sieves: rece eee eee 75.0 
Human surine spot Ga 82.8 
Human saliva 
Cows’ milk 
Cream — O.0 Piys serae Ge eer a oer aren tae 63.0 
Whitesot -hents Sepp Sentra foc ere eee eee 68.0 
Yolk ofeheh'sseos. sp ee ee eee 60.0 


B. IsocoLLoips 


Isocolloids, by definition, are mixtures of more or less associated polymers. 
A large number of insulators fall into this class, 
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Puram Tuber CG Ameer Soartes uc eorigak Cees eae. 2.76 
Syathetionirobhel. C8) linea. adninteics ee Nene Wels. ZLes 
PURGHILCH CCM tacks AMS GS tialeduaice Stak dieletisalcs nek care 2.98 
LO) Meter acer ctts ate ia tahiti el nck ares eral 2.79 
GUttamperciiar lO mereret nce cts mr aes rere tire ints 4.43 
(OD) ib via Ga Aeros OPO MAREE ema ares 2.92 —for V = 920 
' (OD) cern utc eaacendedind ae Deas 2.62 — “ V=1,700,000 
Nimicamizedasubber (Oyen hoes Wcscee tree he 2.73 — “ V=920 
(CON HR Sc udderne ao octonke tes ae een 2.45 — “ V=1,700,000 
ENITIMEIe CLO) MM rear ie ca be Sere Magan eeak hla ose 2.8 
OSI CLO) Mac eter aiata aa heron hte has ee eee ce orl 
DEANS RE MARE Ree. Te eT nce a et ices 4.56 
UCHLI GD) gs 0 Aly bk ant Spree eee Manes ih on airy Pe 2.52 


4 C. GLASSES 


According to Doelter, a glass may be considered as a colloid, as a desic- 
cated gel. Glasses have been subjected to numerous investigations, but we 
give only such results as were made on well defined substances. Following 
Starke,’ Loewe ** measured by Drude’s and by Nernst’s method a series of 
glasses made by Schott of Jena. 


‘ A=0.80 cm. A=104 cm 
BOcAteR ChOWiln COs OO) Mette jarcetoe abit eieistadt reais me rrers 5.05 B52 
BoLoO=silicatemcnOwig (Ose 1948) meres setae eee eia ns 6.15 6.20 
Rhosphatemctowtin (oslo) merce eae ee ciiesee 6.20 6.40 
Beraibsea- Cigoyaae (COR TSO sts lend ssiuuison ocean 7.65 7.83 
Barium crown (very heavy) (O. 1922).........4. 7.42 7.69 
Silicatemcrowie (Os 1087) Mase a ctocstiscclstttit ar ieee 7.10 7.00 
(CGrowtewithehion disperslouueremrcte stancieciiasrcies 7.70 9.14 
Setistlin ta (Opp 469))te eemin sect ac hee cscs = ecispas 7.62 7.78 
IBOtatetlintm( Os 99 ites cevanecs ce sti: bias eaaietslete ats 7.63 8.06 
Silicatempinte (Om 1353)eae cae socten ceiocte hetare nels 7.30 8.29 


The dispersion is therefore anomalous, that is, the specific inductive capac- 
ity increases with the wave length. 

In 1917, Jaeger 1? also measured the specific inductive capacity of glasses 
made by Schott of Jena, employing wave lengths varying from 10 m. to 
1.2 < 10° m. He found, on the contrary, there is no variation of specific 


inductive capacity with the frequency. 
Specific Induc- 
tive Capacity 


Witolmcrowi11 sl UV ino 109) Waaipechce ders atcueeyeimtenactvaee osiinierion ses 5.63 
inlkbiore on ere (COs ZAlSGD is Sob itn aeaia macertoe os ann om tee oae 5.87 
IPHOSspiaLeetCeO Wile Gorm O/s) emer aerttem cyte sie meter teawe iste brats 6.41 
Sykes (ikwate, (OS) CGD) warnseomieletrsooecie can ce. cotee to anne ado careers 16.45 
Ibe (COL: IEP 6b 8 combcs Se toare Poe once O te On Oro Orc a ree 7.27 
Bantuan Pelion ten OSs 1266) aac ee anit etimiesta deine ee eae cis 7.67 
(Cito ictol Imneln Chigirerastal (Ol still) yoanckn cosadcaarcean coos 6.79 
Sensivye, Grown, weer lcehay (OLAV) pen acddannoanoadadscooadc 8.35 
Wihiten Glass ol lfithen chemicals composi-m +c e.scss tence sees: 7.16 
Black Glass™ lise tionmotm these eg lassesmumcae ss 4s cle « cisieie 7.39 
Violet Glass ep teanigerye | Ma En on) Ne an Ce ee eee 6.83 


A. Gray and J. J. Dobbi'* using a ballistic method report the following 
figures: 

Chemical Composition 7 966 15° 

PA GiOMaR CCK AON ee Wie: whic cuppa vole F630 atone 


WASHOMWP Sikh iOy ASO). ci coud bot bin gs 400 100 OOo OOS pataee 720 le 14S 
PASSO, WeleehG), GVM AOl, ClBHO)y, a g0nuboc cmoubinn DOO naoeoG 8.5 
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Chemical Composition 


20SiOz, 2ZnO, 2MgO, 3Na.0, 2B2Os..... 0. eee renee ne at a 
43Si02, 5PbO, 5Na,0, 3K,0 stig, 8 ht ous nkilolielace pt ousipesliateiovere heltekeye 17.90 ‘“ 130° 
PSAZ TIE Bree 
10SiOz, 3PbO, 3Na.0 Bie Vercia ol ele @ iene dlM Lonstaua lane eweltela nei eis ser duen sine \ 5.59 ‘“ 130° 
{ 6193) te 22 e 
PASTOR, IEEIO GIO) Goacapenoeopacdbcconunco seu aaco 718 “ 147° 
22 om 
RISO SAO} GIRAO)! Gapnasoonoonsood on snhdboaechhe one \7.42 “ 142° 
kul 2 AU 
24Si0,, Sieb@s “UNE ROE Hace Gan mone cn ne conn tone mods ao \ 8.302 “ 140° 


D. GELS AND CoLLoips IN Dry STATE 


Specific Induc- 
tive Capacity 


Blood2clot ies ce eke setcrta ectaatvasiole to eins clei teem eee 84.0 
Progaimtts cles taner nec roe nec cities 83.0 
Gravacereialmmeatteran (atiinath rrewetiaetttecreetnteteretaeters 85.0 
White-cerebrall matter (human) + ssc -ee ee see eee ae 90.0 
Optic nerves (Ox) hertaciccael to cialtiere ae Ul stae eet rore eet atenereh Sete 89.0 
Green lead. /; 2. ctuaisule sc boasts voter oars s.schkewiers eats 83.0 
Gelatin: riicis ete eetcocleuea ceetestocleeicide s Wisinaaernacrateinteets 5.6 
Kgoywiites (Xahlbatin) ieee rrr trehae trees cicrslats 16.3 
Night: DIWet atest tis careererie alec sleiele anavorere s oteesaaisns orevotoriees 4.4 
Congor red We eaetoe saan rte ercieiecs elo ehstete Tere sus 20.0 
Methylene! bluewetastot sce eee tne e ee cremienterts 18.1 
Printers’ ink maces seers ec crarte doe cee eee 14.5 
Starch Wioctac ccwpiecetene rear thse ctetererre ete tavers otoreast eves erotcnme erences 11.6 
Dextring (Kahl bar) tec ce crec tren ctretsistel sue tee tar iciereters 8.0 
Casein, (Kahlbauna) Menace craton eae niotiers cieereaterrr rene 8.0 
Flemoolo pines (all batt) ire sees tee eer eeeee 14.2 
Cholesterin a (Braun) Ger. csok ose eco tite eee 5.4 
Kecithiny \@iahibaum) irate rea eet 13.0 
Gelltlose tog. Si. aa sant a ears pcoahe eerste s one eco teee erento 6.8 
Normale cellqlosemtniacetate: see meem en tee ce aera: 3.8 
Paper for cables (chemical wood pulp without fiber)*.. tee eee 
: : or V= 
Blotting paper 2 Meare ea ae eee oe re ee: see “ -V = 880,000 
Sized” paperMintin. «weenie nen Cette renee ra eee 4.2 
Unsized (paper {2 eo neee oe ee ne ee eee 3.4 
Wood * (dried 2 hrs. at 170° and cooled under benzene) oe 
ale diiacssclohe alba eRe ate rate Meo RE tne ene eee | 3.64 
BOQ yoni te cee hetero Ten ere a 


Figures are those of Firth, unless otherwise indicated. 
® A. Campbell, Proc. Roy. Swc., 78, 196 (1906)—static method. 
>C. Bairsto, Joc. cit. 
¢ Starke, Joc. cit. 


Il. Are the physico-chemical properties of a colloidal system affected by 
the specific inductive capacity of the dispersion medium, or by the difference 
in specific inductive capacity between dispersion medium and dispersed phase? 

We will first consider the phenomena of the formation and the swelling 
of colloidal systems. The influence of the specific inductive capacity first 
manifests itself in the variable dissociative power of the solvent. J. J. Thomp- 
son*? and W. Nernst *® hold the view that the greater the specific inductive 
capacity of a solvent (in our case a dispersion medium) the greater in pro- 
portion is its dissociating power. This influence plays a rdle in the domain 
of colloidal dispersion, both in swelling and formation of colloidal solution. 

Wo. Ostwald “ on allowing rubber to swell in various liquids, found that 
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the swelling power bears an intimate relation to the specific inductive capacity 
of the medium. 

In 1903 Perrin ’® raised the question whether the property of giving col- 
loidal solutions could not be connected with a high dielectric constant of the 
dispersion medium. Indeed at that time the only “solvents” known were 
water, sulfuric acid, glycerin, methyl and ethyl alcohols, and acetone. Perrin 
was led to advance, as probably correct, the view that “Ionizing liquids give 
colloidal solutions,” because, as he had just shown, they give a powerful 
charge by contact to the substance immersed in them, and the electric charge 
of the granule is one of the conditions which permits it to continue in 
suspension. 

; This hypothesis was, moreover, fruitful. It induced Svedberg?® to try 

to form his colloidal dispersions in media having low specific inductive capacity, 
and, as this was successful, he was led to work out a novel method of prepa- 
ration. 

P. P. von Weimarn,”° in papers prepared between 1905 and 1908, said, 
in opposition to Perrin, that in obtaining colloidal solutions, one of the most 
important factors is to choose a dispersion medium which has a slight dissocia- 
tive power; for there is a relation between the power to dissociate and the 
power to dissolve. Von, Weimarn in thus choosing his dispersion media, 
obtained a large number of new sols, among others of the salts of alkalis and 
alkaline earths ;. he thus at this time contributed the important idea that any 
substance, under proper conditions, can be brought into the colloidal state. 
(See page 27.) 

When a colloidal solution is produced by simple solution of one substance 
in another, the specific inductive capacity of the solvent may also be the cause 
of colloidal dispersion. P. Walden ?* found that tetraisoamylammonium iodide 
dissolves in ionized condition in nitrobenzene (s.i.c. = 35), in molecular condi- 
tion in glacial acetic acid and in chloroform (s.i.c.—=6 and 5), but on the 
other hand it dissolves in colloidal condition in benzene and in carbon tetra- 
ebloride ‘(s.i.c, == 2.5). 

The importance of the specific inductive capacity in the formation of col- 
loidal systems is thus brought out in certain instances. 

Let us consider more closely the question of the stability of colloidal sys- 
tems. It is known that their stability also depends on the charge of the dis- 
persed phase. The charge of a micell has, in each case, a variety of factors 
which usually vary simultaneously but at different rates. Among such factors 
are, for example: ionization of molecules fixed by the micell; spontaneous 
ionization of ampholytes; part of the charge is produced by contact potential. 
These ionization factors and the contact potential are influenced by the specific 
inductive capacity of the dispersion medium. he 

The specific inductive capacity of the dispersion medium may be modified 
by the addition of liquids having very different s.i.c. “Slightly solvated” solu- 
tions in particular are sensitive to variations of micellular charge, and there- 
fore to variations in the specific inductive capacity of the “solvent,” the lower- 
ing of which is generally followed by coagulation. 

Wo. Ostwald 2? thus explains the coagulation of silver hydrosol by propyl 
alcohol. : ; 

We have carried out 2° several series of experiments on coagulation, using 
alcosols because they are readily miscible with substances of low specific in- 
ductive capacity. To alcosols of HgS, CuS, and Pt we added variable amounts 
of liquids whose s.i.c. varied from 1.8 to 81. The addition of substances 
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having a specific inductive capacity higher than that of the “solvent” has no 
coagulating effect, whereas those having a lower s.i.c. produced coagulation, 
generally in proportion to the smallness of their specific inductive capacity. 

This influence of the specific inductive capacity of the dispersion medium 
on the charge of micells of dyes has been studied by Keller,** who believes 
that the charge and even the sign of the charge of the dyes studied, depend 
on the py and on the specific inductive capacity of the “solvent”; these two 
causes may reinforce or may balance each other, or one may gain ascendency 
over the other if there is an antagonism. Arguing from Coehn’s law, Keller 
thus explains the change of sign in the charge of certain dyes when they 
pass from an aqueous to an alcoholic dispersion medium. 

R. Fiirth and R. Keller?’ have called attention to the relatively high 
specific inductive capacity of human serum (85) and compared this fact 
with its chemical activity. Continuing their investigations on the relation be- 
tween the specific inductive capacity and certain biological phenomena, they 
added ethyl alcohol to serum and found that small amounts of alcohol, corre- 
sponding to those having a physiological action, cause a surprising increase 
in its specific inductive capacity (92) as well as in its other physico-chemical 
properties. They explain these phenomena on Debye’s theory of dipoles. 
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The Osmotic Pressure of Colloidal Solutions 
By Dr. J. DucLaux, Pasteur Institute, Paris * 


_ On looking over the monographs and books devoted to the study of col- 
loids, it is seen that few of their authors have a very clear idea as to the 
role and the importance of the osmotic pressure of colloidal solutions. Sev- 
eral indeed, as I shall show by giving an example, do not seem to notice 
that within the distance of a few pages they give contradictory and irrecon- 
cilable views as to the definition and height of the osmotic pressure. Others, 
probably because they have not been able to form'a clear idea of it, say 
nothing about it; and we reach the astonishing conclusion that the study of 
osmotic pressure, which is above all the most important factor in the study of 
hydrosols, is the one which occupies a place of minor importance in classical 
works and original articles. 

Colloid theories, as is well known, fall into two distinct groups: physical 
theories and electro-chemical theories. These theories are not in accord inso- 
far as osmotic pressure is concerned. 

As for the physical theories, the particle or micell of each hydrosol be- 
haves as a unit so far as concerns the osmotic pressure. Every particle, no 
matter what its nature, exerts the same osmotic pressure if equal numbers 
are present, and this pressure, for dilute solutions, is proportional to the num- 
ber of particles per unit volume. From this it follows that the value of 
the osmotic pressure of a sol gives directly the number of particles per unit 
volume, and consequently may serve to determine the molecular weight of 
the substance forming the sol. This recalls the conception of Einstein and 
of Smoluchowski which, because of Perrin’s experiments, many chemists 
regard as definitely proven, notwithstanding the fact that on the contrary, 
it raises insurmountable difficulties and should be rejected. 

As for the electrochemical theories, on the other hand, the micell is an 
ionized molecule, in all respects similar to a salt molecule; it exercises an 
osmotic pressure essentially dependent upon the number (sometimes very 
large) of ions to which it gives rise. The osmotic pressure of a sol is pro- 
portional (subject to certain limitations which will appear below) to the 
product of the number of micells per unit volume by the number of ions of 
each micell. This number being generally unknown, it follows that the osmotic 
pressure of a sol will not, of itself alone, give the number of micells per 
unit volume, nor as a consequence the molecular weight of the substance form- 
ing the sol. ‘ ; 

I insist that these two conceptions are irreconcilable and that no agree- 
ment between them is possible. The one extends to colloids the theory of 
electrolytes ; the other, the theory of non-electrolytes. It is obvious that, from 
an experimental point of view, since certain electrolytes show very slight 
ionization, the two theories give concordant results for these electrolytes: but 
that does not disprove the fundamental difference between the two. 


* Translated by Jerome Alexander. 
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It is curious to note, as I have said, that this incompatibility between the 
two theories is not more generally commented on, and that they are even in 
the selfsame work applied successively without explanation. ‘Thus we find 
in the book of T. Svedberg,! an exposition of the physical theory, with a 
calculation of the osmotic pressure according to Einstein, which does not 
question the validity of this theory. However, further on (pp. 202-203) we 
find given the calculations of Donnan, based on the electrochemical theory 
according to which the osmotic pressure is proportional, not to the number 
of molecules, but to the number of ions: which is in conflict with the Einstein- 
Smoluchowski-Perrin theory and leads to very different values for the osmotic 
pressure, the coefficient of diffusion, and the Brownian motion. 

It is true that Svedberg does not speak of ions of the micell in the same 
sense in which they are taken in the electrochemical theory, but of the diffusible 
ions of the micell; meaning by that the ions of substances fixed (mainly by 
adsorption) on the micells. But the distinction is of no importance in the 
present case. If we consider one of the particles used to study the Brownian 
motion, to which we may suppose Einstein’s equation to apply, we may always 
attach to it an electrolyte giving diffusible ions; one single ion like this will 
give with Donnan’s formula twice the value as with Einstein’s formula. So 
that we can reconcile the contradiction only by postulating that the particles 
studied by Perrin carry not one single diffusible ion (all the more so if a 
larger number) while the particles of hydrosols which are a thousand times 
smaller may carry several. This is obviously not admissible, and the two 
modes of calculation are really irreconcilable. One or the other must be 
renounced. 

The physical theory is simpler, and it is to this simplicity that it owes its 
rather general acceptation. Unfortunately it cannot be sustained and ought 
to be abandoned in the usual case of sols formed in an ionizing medium. 
Although it is founded on the apparently sound basis of the theorem of the 
equipartition of energy between the degrees of freedom of a system, it leads 
to inaccurate results, since the conditions under which this theorem is applicable 
are not fulfilled. 

Incomplete though it may still be, the electrochemical theory is indis- 
putably superior. The general outlines of this theory have long ago been 
pointed out,’* but it is only within the last few years that it began to attract 
attention.? Its importance is not, of course, limited to the study of osmotic 
pressure; indeed the various attempts * to extend to colloids the law of pro- 
portion and the formule of the reactions of ordinary chemistry are in fact 
merely an application of this theory. For a discussion of this application and 
others similar, I refer to the papers already cited, limiting myself here to 
the development with reference to osmotic pressure, and to the demonstra- 
tion of the facility with which the theory explains otherwise inexplicable 
experimental facts. 


ELECTROCHEMICAL MiIcELLULAR THEORY 


The point of view we take is the following: A colloidal micell is a large 
molecule having all the properties of ordinary salt molecules. More specifically, 
if the dispersion medium is an ionizing one, the micell is ionized and as a 
result the hydrosol is a conductor of electricity. The ionization of the micell, 
like that of the molecule, is more or less complete, depending on its chemical 
nature and the concentration; the conductivity of the hydrosol, like that of 
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saline solutions, depends on the degree of ionization of the micells, on their 
number, and on their speed of migration. 

_ In an ionized: salt molecule we distinguish ions of two signs. Similarly 
with micells we have ions with two signs. One of these ions is very large; 
it is the granule or nucleus of the micell which is in general the only visible 
part of the micell, and then only with the ultramicroscope. The other ions 
with contrary sign, are the exterior ions of the micell: they may also be 
colloidal, that is to say of large size, but in the immense majority of cases 
they are ordinary ions, metals or metalloids, or simple radicals such as SOu, 
NO,, etc. For example in colloidal ferric hydrate prepared by the hydrolysis 
of ferric chloride, the exterior ions are Cl ions, while the granule is a com- 
plex of iron, oxygen and water. The electrochemical formula of the micell is 


[n Fe.(OH).¢, Fes |-Cle 


the part between the brackets representing the granule.* The electric charge 
of this granule is of course equal in absolute value to the total charge of the 
exterior ions, since the total charge of the ensemble is zero. 

This electrochemical formula, as may be seen, is the analog of the electro- 
chemical formula of crystalloid salts, and should be interpreted in like man- 
ner. Between the two cases there is, however, a very marked difference, to 
which I have already drawn attention,> and whose consequences we will ex- 
amine more in detail. This difference arises from the fact that the dimensions 
of an ordinary molecule and those of a micell are not of the same order. 

In crystalloid solutions the ions of the two signs are distributed uniformly 
throughout the mass of the solvent, that is to say that equal volumes of this 
solvent enclose the same number of the two ions (unless of course the dilu- 
tion is too great). The case 1s not the same with hydrosols: there the exterior 
ions, by electrostatic attraction, are concentrated about the granule. 

Consider an isolated granule in a liquid medium. This granule carries an 
electric charge of several units and consequently forms a center of attraction. 
If there were no thermal molecular agitation, all the exterior ions would attach 
themselves to the surface of the granules. As a result of this agitation they 
fly away from this surface and occupy a mean position in which the attrac- 
tion of the nucleus is balanced by the mutual repulsions of the ions and by 
what we may somewhat improperly term the force of diffusion resulting from 
the molecular movements. 

In this state of equilibrium, there exists a certain stable distribution of 
ions about the granule. It is impossible to calculate this distribution exactly, 
nor what we may call the average distance of the ions from the granule, for 
we do not know the form of the granule nor the distribution of the electric 
charges which it carries. But in the absence of exact calculation, we can 
quite easily determine the order of magnitude of this average distance, and 
we will see that this result suffices to give us the key to a certain number 
of phenomena experience has revealed, for which no other probable explana- 
tion can be given. 

For the purposes of calculation, we will suppose the granule to be spherical. 
Because of its symmetry the distribution of ions about the granule will also 
be spherical. These ions are under the influence of forces tending to make 
them fly apart, and other forces tending to draw them together; the former 


*In passing I would observe that, the electrochemical formula permits a prognostication of its 
reactions, qualitatively and quantitatively; it is indispensable for the study of micells, just as the 
chemical formula is indispensable for the study of molecules. 
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are thermal agitation and the mutual repulsion of ions, the latter are the 
electrostatic attraction of the granule and cohesion. We may at once elimi- 
nate the latter which exerts an influence in determining the number of ex- 
terior ions of the micell, without affecting their distribution. 

The mutual repulsions of the ions can evidently only increase their average 
distance from the granule; in order to simplify the calculation, I shall take 
no account of this, so that the figures we obtain will represent a minimum. 
There remain as factors controlling distribution the attraction of the granule 
and the Brownian motion. The problem may be treated along the lines of 
the distribution of particles in order of height in the experiments of J. Perrin; 
we will assume that each spherical layer of ions is in equilibrium under the 
action of two opposing forces, the attraction of the granule and the osmotic 
pressure * of the atmosphere of ions. 


If e = the elementary electric charge 
P = the number of exterior ions of valence p 
N = the Avogadro number, 
then Ppe = the charge of the granule. 


Let c =the concentration (number per unit volume) of ions at a distance r 
from the center of the granule. The number of ions included in a section of 
surface ds having a height of dr is 


cds dr 


If K is the specific inductive capacity of the solvent, the electrostatic attrac- 
tion of the granule on these ions will be 


Ppe* cds dr 
GH 
: é Ene : 
The molecular concentration of ions IS-TF and consequently the osmotic 
pressure of the section considered is 
c 
RT — ds 
N 
and the resultant of the osmotic pressures on the two faces of the section is 
Rivdene 
—= = as ar 
N dr 
so that the equation of equilibrium is 
P perc Ted ae 
Kr? N dr 
which on integration gives 
Ppe? N 


“As in the theory of J. Perrin, the osmotic pressure is here merely a mathe i i 
representing the coefficient of diffusion. I will in another place publish zie Bore of ee 
method of calculation, which serves, as I again say, to give but a general orientation. 
ie { The idea that neighboring micells may exchange ions, was advanced by Cotton and Mouton 
(‘Les Ultramicroscopes,’ p. 164, Paris, 1906). I took this up again in 1909, showing the impor- 
tance of the mean distribution (J. Chim. Phys., 7, 417). This idea should be extended further and 


Feats wpete replace the old notion of the double layer which gives an incorrect picture of 
e L ‘ 
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From this formula it is obvious that in a general way the concentration 
of ions is a maximum in the neighborhood of the granule and diminishes in 
proportion as the distance from the granule increases, tending towards a 
constant value A. 

We may introduce into this equation the respective numerical values at 
ordinary temperature: 


e= 4.8 x 101° 
Ngee 028 
K = 80 (for water) 
Jessie 35 cel OW 
Making the calculation, the formula becomes 


7.2Pp 38Pp 
c= Ae 10% = A .10 10% 

Now take the special case of a granule carrying 12 monovalent ions, and 
having a radius of 2 wy or 2 X 107 cm.; on calculating with these figures the 
concentration of ions at the surface and at various distances from the surface 
of the granule, we find the following (A being a constant, depending on the 
total number of ions) : 


At the surface 63 A 
At a distance of lun 16A 
“ce “ee is3 ce w Ss A 
“ee “ce ce cc 4 4 JN 
ce ce “cc ce 8 23 JN. 
it “ee “e “ 30 iL JX 


It is evident that the concentration diminishes rapidly, but it is neverthe- 
less still considerable at a distance from the granule of 4 times its radius. This 
number is a minimum because, as we have seen, it is obtained by neglecting 
the repulsions of the exterior ions which drive them still further from the 
granule. 

In every way it is seen that the conception of the double layer does not 
at all.correspond with the actuality, except in the exceptional case where the 
forces of cohesion are so large that there are no exterior ions, and where as 
a consequence the conductivity of the hydrosol is zero. For almost every 
one of the hydrosols, we are going to consider the micell as being formed 
of a granule surrounded by an atmosphere of ions extending a certain dis- 
tance, which may even be considerable as compared with the dimensions of 
the granule.* 

Let us now try to calculate the osmotic pressure exerted by a hydrosol 
containing these micells. To do this we will introduce the idea of osmotic 
valence which may be defined as follows: the osmotic valence of a micell is 
the number of independent particles which exert the same pressure as that 
micell. According to the physical theory of Einstein-Smoluchowski-Perrin, 
the osmotic valence will always be equal to unity; according to the electro- 
chemical theory it is greater than unity. 

To simplify the argument, we will start with this principle, expressed in 
the formula of Van’t Hoff, that the osmotic pressure of a solution is equal 
to the pressure the dissolved substance would have if it were in the gaseous 


state in the absence of the solvent. Imagine then a very dilute hydrosol, 
* This constitution of the micell has several consequences. One in particular concerns viscosity. 


If an ionized granule, when displaced, drags along its ions, it is evident that the viscosity of a 
hydrosol will be greater than if its ionization is zero. 
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containing micells so far apart that their atmospheres do not touch. Each 
micell will always contain the same granule and the same ions united by their 
mutual attractions. It is obvious that under these conditions the osmotic 
valence of the micell is equal to unity. This is, theoretically, necessarily 
so, and it is also proven by experiment: the instant that a micell remains 
intact, its internal movements have nothing to do with the osmotic pressure 
that it exerts, just as the pressure exerted by a gas is independent of the 
internal movements of the molecule or the atoms so long as the molecule 
remains intact, that is to say as long as there is no dissociation. The micell 
we are now considering is analogous to a non-dissociated molecule. 

Imagine now that the micellular atmospheres mutually interpenetrate each 
other, either because of the concentration, or for any other reason. There will 
then be ions which freely circulate throughout the entire mass of the liquid, 
as is the case with ordinary electrolytes; and as in this case too, each ion 
acting independently, a micell giving m free ions will have an osmotic valence 
of (7 -+ 1)—unity representing the part of the granule. 

It is evident that the distinction between the case of micells and that of 
molecules is, that with ordinary electrolytes, the ions can exist in but two 
states—free or combined; in the first instance the molecule is ionized, in the 
latter it is not. On the other hand with micells the ions may exist in three 
states: they may be completely retained (non-ionized micell) ; they may be 
separated from the nucleus but retained in its neighborhood, or finally they 
may be completely free. We might compare the two cases with those found 
in astronomy: the ordinary molecule is a sun all of whose satellites have 
hyperbolic orbits, while those of the micell have elliptical orbits and hyperbolic 
orbits too. 

Let us now consider the cases actually found in practice. Everything 
depends on the diameter of the ionic atmosphere of the micell. Now, to ex- 
press the concentration c of ions at a distance r from the center of the 
granule, we have found the formula 


3Pp 
gaa 10) tore 
As a first numerical example we have taken a granule having a radius 
of 2 wu carrying 12 charges, and in this case the concentration of the ions 
was considerable at a distance from the nucleus equal to 8 times its diameter. 
This indicates that the atmospheres of these micells interpenetrate each other 
even when the total volume of the granules is less than one-thousandth that 
of the hydrosol; that is, for a diluted solution whose osmotic pressure is slight. 
It will be all the more the case with more concentrated solutions; therefore 
with micells of this nature the osmotic valence is always greater than 1. 
Imagine now a micell of the same substance, but having a diameter ten 
times as great, and which for the purpose of fair comparison, we will suppose 
has a charge 100 times greater, that is, having the same superficial density 
as in the first example. The variations of the concentration of ions in rela- 
tion to the distance from the surface of the granule will then be the following: 


At the surface 1000 A 
At a distance of 1 135 A 
: 2 237A 
4 1A 

8 0.007 A 


30 0.00002 A 
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the letter A designating, as in the first example, a constant whose value is of 
no importance. As may be seen, in this case the concentration of ions be- 
comes practically zero at a distance from the center of the granule equal to 
its own diameter. With an equal concentration by weight, there will there- 
fore be a much smaller number of free ions than in the case of the first 
hydrosol. It may easily be shown that the phenomenon is a general one, and 
that the larger the micell grows, the. smaller becomes its osmotic valence with 
respect to its mass, and perhaps also in absolute value. 

: The preceding calculation is not rigorous enough to prove it, but it would 
seem that at the extreme we would find that the physical theory and the 
Einstein-Smoluchowski method of calculation is applicable only to very large, 
slightly ionized, and quite isolated micells, like those studied by J. Perrin. 
In any event this method of calculation is certainly, as may well be imagined, 
nearer to the truth (even though it is based on incorrect hypotheses) in the 
case of suspensions of this nature rather than with true hydrosols. 

Another very interesting case, which will give us a very simple explana- 
tion of phenomena long known, is that in which the exterior ions of the micell 
are polyvalent ions. Taking the first example again, imagine that the granule 
whose radius is 2 wu, instead of having 12 monovalent ions, has 3 tetravalent 
ions. The distribution will be as follows: 


At the surface SWAY 
Atea, distance of Fa (0.13, A f 
Z 0.008 A 


4 0.0005 A an | 
Seer O01 04) ! 
30. 0.000006 A 


that is, the ions will be concentrated in the immediate neighborhood of the 
granule. Here too it may be shown that the phenomenon is a general one; 
unless it be of very small diameter, a micell with polyvalent ions will not give 
free ions, or at least will give a much smaller number of them than a micell 
with monovalent ions. As a consequence the substitution of polyvalent ions 
for monovalent ions greatly diminishes the extent of the ionization, and there- 
fore the osmotic pressure and the stability. This conclusion checks with 
experience, and the theory gives here a simple explanation to what is known 
as Whetham’s law. i 

Insofar as the electrochemical theory in general is concerned, I am satis- 
fied to rest with these few indications. I am, however, going to examine 
more in detail two rather well known special cases, and show how the applica- 
tion of the same principles explains the experimentally discovered facts, for 
which other theories furnish no satisfactory explanation. 


{ 


Osmotic PRESSURE OF CoNGO RED 


Congo red is a dye whose formula is Co2HoeNoS20eNap ; if its molecule 
is simple, its molecular weight is 696. The osmotic pressure of its solutions 
have been measured by various experimenters,’ and their results are con- 
cordant: it is within a few per cent of that of a non-ionized substance having 
a molecular weight of 696. Congo red therefore apparently behaves as a non- 
electrolyte, non-dissociated and non-associated. But it does not follow from 
this, as has erroneously been claimed,® that its molecular weight actually 1s 
696. In the first place if that were so, it would be incomprehensible why it 
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does not diffuse through membranes; furthermore it certainly is dissociated, 
since according to Donnan and Harris its molecular conductivity is of the same 
order of magnitude as that of sodium chloride. The hypothesis that the 
molecule is simple and non-dissociated, though it explains the osmotic pres- 
sure, is altogether irreconcilable with the other properties of congo red. 

In an effort to resolve this contradiction (whose solution is at once given 
by the electrochemical theory), Donnan advanced two new hypotheses, which 
as he himself recognized, do not agree with the facts. One is that the 
congo red molecule is a polymer (N2R), dissociated into (NaR), and Naz; 
and this indeed gives the osmotic pressure observed, but leads to too small 
a conductivity. The other hypothesis is that the molecule is simple and dis- 
sociated into Na and R; this is satisfactory so far as concerns the conduc- 
tivity, but not in respect to the osmotic pressure (loc. cit. 1567-1568), so 
that finally Donnan attributes the anomaly to the existence of a membrane 
equilibrium. Without questioning here the existence of such equilibria and 
their possible rdle in other phenomena, it must however be pointed out that 
they certainly do not intervene in the present instance; in fact, as Donnan 
himself has remarked, the value of the osmotic pressure is thermodynamically 
connected with the vapor tension of the solvent, over the diminution of which 
the properties of the membrane evidently exert no influence. The numerical 
relations between the composition, the conductivity, and the osmotic pressure 
of congo red are intrinsic relations, entirely independent of the nature of the 
receptacle which contains this solution, and therefore theory should explain 
matters without considering the properties of the receptacle, which is but a 
measuring apparatus. 

These relations may be explained in the most simple fashion by the electro- 
chemical theory. It seems that Donnan thought of this, and the reasons that 
he renounced it are not clear. In reality the micells of congo red have the 
formula (Na,R), and are dissociated into Na and R, the latter being the 
granule while the Na ions are the exterior ions. As ultrafiltration shows, these 
micells are very small: we have then a condition where a large number of 
exterior ions are free. Taking up again the example of Donnan, a 1% solu- 
tion of congo red exercises at a temperature of 17° an osmotic pressure of 
260 mm., which is very close to the theoretical figure, and its conductivity, 
based on a molecular weight of 696 is 126 (NaCl = 116). 

Assume that, in agreement with theory, of the 2m ions 2p are free. Asa 
very simple calculation will show the osmotic pressure of a 1% solution will be 


260 opts 


Experiment gives 262, which shows that ate is nearly equal to 1, that 


is, about half of the ions are free. If we suppose that the velocity of trans- 
port of the granule is the same as that of the Cl ion, it follows that the 
conductivity of a congo red solution equals that of an NaCl solution having 
the same number of Na ions; or, if you wish, to that of a solution of NaCl 
totally dissociated, having the same sodium content. The molecular con- 
ductivity of 1% congo red solution should then be equal to the molecular 
conductivity limit of NaCl. Now Donnan’s experiments give 117 for congo 
red and 116 for NaCl; the agreement is perfect (which must not be always 
expected) and we may say that the explanation of the properties of congo 
red raises no difficulty. It is true we have not the value of u; but it suffices 
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here to know that it is several times unity, which other properties of congo 
red show beyond doubt. 


Osmotic PRESSURE OF GELATIN 


The measurements of J. Loeb ® on gelatin furnish another example of the 
application of the micellular theory. Here again other theories fail or lead to 
hypotheses very difficult to justify. 

J. Loeb observes that at equal pH, solutions of barium gelatinate have a 
conductivity equal to that of sodium gelatinate, although their osmotic pressure 
is twice as low. Likewise gelatin sulphate, with equal pH and conductivity, 
has an osmotic pressure almost three times * lower than the chloride. 

He believes that this anomaly is to be explained by an electrostatic action 
of the ions on the density of the double layer. But in reality this anomaly 
has no existence: the phenomena are exactly what they should be according 
to the electrochemical theory. Let (GBa) and (GNa,) represent the micells 
of the gelatinates: the fact that, at the same pH they give to the solution the 
same conductivity, shows that the number 2p of the Na ions is double p of the 
Ba ions of double charge (assuming for the sake of simplicity that their speed 
of transport is the same). Whence, at equal concentrations, the theory indi- 
cates that the osmotic pressures should be 


(2p +1) RT for the Na salt 
(p+ 1) RT for the Ba salt 


The ratio of these two numbers is close to 2, as experiment indicates, 
since p is large, that is, since the gelatinate molecule carries a large number of 
ions: which is certain from other evidence, because of the size of the micell 
which contains a large number of ions. Thus here too micellular theory 
promptly explains the observed facts. 


RESUME 


The micellular or electrochemical theory of colloidal solutions compares 
the particle or micell of the colloid to a big ionized molecule. In this micell 
we distinguish the granule or nucleus, of relatively large size, and the exterior 
ions. The granule carries an electrical charge of ionic origin and it is neutral- 
ized by the exterior ions like an ionized molecule of the ordinary type. 

Because of the size of the granule, the exterior ions concentrate in its 
neighborhood, but without forming a double layer: they move out to a certain 
mean distance. Some are entirely free: others are retained by the granule. 
In general the proportion of the number of free ions to the total number, 
that is to say the ionization of the micell, diminishes proportionately as the 
micell is larger and the valence of the exterior ions higher. It depends in a 
complex manner on the concentration, and it may be that it is stronger with 
concentrated solutions than with dilute solutions. ; 

From the point of view of osmotic pressure, the micell is equivalent not 
to a single particle, but to a certain number of particles. This number is the 
osmotic valence of the micell; it is always larger than unity, but under certain 
ircumstances it may practically equal 1. 

Be sire it was tener in 1907 and 1909, the micellular theory has been 
the one which, despite its inevitable imperfections, explains in satisfactory 


* According to the figure accompanying the text, it seems that this should be two times instead 
of three times. 
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fashion the experimental results on osmotic pressure and conductivity of 
hydrosols, that is, their two fundamental properties. This is particularly 
shown by two examples, congo red and gelatin, studied experimentally by 
Donnan and by Loeb. 
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Evidence against the views advanced by Dr. Duclaux is to be found in many papers 
of this volume, e.g., those of W. Kopaczewski, L. Michaelis, Sir W. B. Hardy, I. 
Langmuir, H. J. Weiser, R. A. Millikan. The “colloidal electrolytes” of McBain, the 
-“giant ions” of Michaelis, and the colloidal oil droplets of Millikan have no uniformity 
in size or composition, and their charges are various and varying. Thus Millikan reports 
oil droplets having from 1 to 136 electrons. Any general theoretical treatment must 
consider aerosols and sols in non-ionizing media. Since momentum (MV) and kinetic 
energy (4MV*) are both functions of velocity, and since mass and velocity vary at 
different rates (see p. 14 et seq.), the assumption that every particle exerts the same 
osmotic pressure seems unfounded. 

The main differences between the physical and chemical theories are in terminology 
and point of view, rather than point of fact. The chemist strives to pin everything 
to the atom or molecule, while the physicist deals with the physical unit or particle, 
which only in the limiting case is a molecule. (See e.g., W. D. Bancroft, Third Colloid 
Symposium Monograph, Chem. Catalog Co., 1925.) J. A. 


The Effects of Molecular Dissymmetry on Properties 
- of Matter 


By Irvine Lanemurr, D.Sc., 
General Electric Co., Schenectady, N. Y. 


The kinetic theory of gases during the last century led to extremely valu- 
able conceptions and even quantitative laws, notwithstanding the fact that in 
the development of the theory, it had been necessary to make many simplify- 
ing assumptions which frequently were not actually correct. For example, 
in most derivations it was assumed that the molecules were infinitely hard 
elastic spheres which acted on one another only at the instant of contact. In 
this way it was possible to account quantitatively with fair accuracy not only 
for the effects of pressure and temperature on the volume, but for the viscosity, 
heat conductivity and diffusion of gases, and other phenomena involving the 
free paths of the molecules. Maxwell, on the other hand, developed a very 
complete theory based on the assumption that the molecules are point centers 
of force repelling one another according to the inverse fifth power of the 
distance between them. This assumption was made not because it was sup- 
posed to correspond to the actual forces around molecules, but because it 
lent itself particularly well to mathematical treatment. The results obtained 
by Maxwell differed from those based on the assumption of elastic spheres 
mainly in slight differences in numerical coefficients of the equations obtained. 
To handle the problem mathematically it was necessary to make assumptions 
as to the forces between the molecules, but to get most of the essential truths 
of the kinetic theory it did not much matter exactly what these assumptions 

ere, 
is To account for the main features of the transition from the gaseous to the 
liquid state Van der Waals found it necessary to consider attractive forces, 
but again the particular law of force did not need to be known to obtain this 
useful result. Sutherland also took into account attractive forces in dealing 
with the temperature coefficient of the viscosity of gases. 

In considering other properties of gases or liquids it may be necessary to 
analyze the forces around molecules in more detail. For example, Debye? 
showed that the variation of the dielectric constant of a substance with tem- 
perature depends on an orientation of the molecules in an electric field, thus 


indicating that these molecules are electric dipoles. 
W. B. Hardy? in discussing the interfacial surface tension between fluids 


said in 1912: : 

“Tf the stray field of a molecule . . . be unsymmetrical, the surface layer 
of fluids and solids, which are close packed states of matter, must differ from 
the interior-mass in the orientation of the axis of the fields with respect to the 
normal to the surface, and so form a skin on the surface of a pure substance 
having all the molecules oriented in the same way instead of purely in random 


ways.” 
M 525 


526 COLLOIDSCHEMIST RY 


In a later paper * he adds: 

“The surface film must therefore have a characteristic molecular architec- 
ture. . . . When the composite surface is formed its architecture is determined 
by the interaction of the fields of force of molecules of A and B under the 
influence of the attraction of B for A.” 

In connection with a study of chemical reactions at the surfaces of highly 
heated tungsten and carbon filaments in gases at low pressures (less than 
0.1 mm.) I came to the conclusion * that adsorbed carbon monoxide must be 
regarded as oriented on the surface, so that the carbon atoms are attached 
to the solid while the oxygen atoms form the surface layer. 

Shortly thereafter, without at that time knowing of Hardy’s work, I saw 
the application of these ideas to the orientation of molecules at the surfaces 
of liquids, and was then able to develop a theory of the effect of chemical 
constitution on the surface tension of pure liquids as well as solutions and 
oil films on water.* 

It is the object of the present paper to consider in a general way the causes 
of molecular orientation and the effects produced by such orientation on sur- 
face tension, solubility, vapor pressure, etc. In particular, since the chemist 
knows a good deal about the shapes of molecules and the stray fields around 
their different parts, it will be urged that this knowledge be used to correlate, 
as nearly quantitatively as possible, the various so-called physical properties 
which depend on these factors. For this purpose it will not be necessary to 
have knowledge of the exact shapes and fields of forces of the molecules, but, 
just as in the case of the kinetic theory, considerable progress may be made 
even by the crudest kinds of assumptions in regard to these factors. 

We know that molecules actually exist and must be of the most varied 
shapes. Let us therefore consider how the various possible shapes of the 
molecules and the types of force fields must influence the physical properties 
of substances. 


Types oF INTERATOMIC AND INTERMOLECULAR FORCES 


The chemical properties of matter are primarily dependent on the number 
of electrons in the atoms and the manner in which these electrons are able to 
arrange themselves to form the most stable configurations. The electric forces 
due to charges on the atoms frequently oppose the formation of certain con- 
figurations which, except for these charges, might be the most stable. The 
effect of these two factors in governing chemical action has been discussed 
at some length by the writer.7 

The electron configurations existing in the atoms of the inert gases He, Ne, 
Ar, etc., are the most stable of all. Other atoms, by taking up, or giving up 
electrons, or by sharing electrons with each other, strive to obtain electron 
configurations like those of the inert gases. It is mainly as a result of these 
changes that chemical interaction occurs. 

Each of the ions O--, F-, Nat, and Mg** contains 10 electrons, the same 


* A paper on this work was read before the American Chemical Society in September, 1916, and 
a two-page abstract was published in Met. Chem. Eng., 15, 468 (1916). Before the full work could 
be published, two papers by W. D. Harkins appeared in J. Amer. Chem. Soc., 39, 354 and 541 
(1917), which dealt in detail with the surface tensions of pure liquids. In the final publication of 
my cee J. Amer, Chem. Soc., 39, 1848 (1917), the part dealing with pure liquids was therefore 
omitted. 

+ ‘Types of Valence,” I. Langmuir, Science, 54, 59-67 (1921). The recent work of Bohr 
which has proved that the electrons in the heavy atoms (such as niton) are arranged in shells accord. 
ing to the scheme 2, 8, 18, 32, 18, 8 instead of the scheme 2, 8, 8, 18, 18, 32 postulated by the 
writer, requires only a slight and obvious modification of the wording of Postulate I, and does not 
otherwise affect the validity of the conclusions that were drawn in that paper. : 
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number as in a neon atom. The reason for the formation of chemical com- 


_ pounds containing these ions is that the electrons can thereby become arranged 


in the stable configuration characteristic of the neon atom. 

This view, which is largely that of Lewis and Kossel, and is now generally 
accepted, may serve as a basis for a classification of intermolecular forces. 
There are three main types of molecules to consider: * (1) Non-polar, (2) 
Polar, and (3) Ionic, as follows: 


1. Non-polar. 


The neon atom, or methane molecule, may be taken as the most extreme 
example. The center of gravity of the electrons of the molecule coincides 
with that of the positive charges of the nuclei, so that there is no dipole 
moment. In general, however, the atom or molecule may behave as an electric 
quadrupole or system or even higher symmetry. Debye has shown that 
quadrupole molecules + attract one another, when at a considerable distance, 
with a force which varies inversely with the ninth power of the distances. 
This result is obtained by considering the deformation of each of two mole- 
cules in the electric field of the other. Under the influence of an electric field 
the electrons become displaced with respect to the nucleus by an amount which 
may be estimated from the dielectric constant, and thus the molecule becomes 
polar to a degree which depends on the proximity of other molecules. If the 
molecule is more symmetrical than a quadrupole (as neon probably is), the 
force will vary inversely with a power of the distance which may be much 
greater than the 9th. 

In general, non-polar molecules do not become oriented in weak electric 
fields, but when the field becomes very strong, the dipole moment, which may 
differ for different orientations of the molecule, may cause orientation. How- 
ever, thermal agitation will nearly always make such orientation negligible for 
molecules of this type. 


2. Polar. 


The molecules of hydrochloric acid gas and water vapor are extreme ex- 
amples. The center of gravity of all the electrons of the molecule does not 
coincide with that of the positive charges, so that the molecule acts as an 
electric dipole. If the separation of the centers of gravity of the electric 
charges is comparable with the distance between the atoms in a molecule the 
electric forces are much more intense than in the case of non-polar molecules. 
The attractive force due to deformation is thus greater than for non-polar 
molecules. The polar molecules become oriented in an electric field in so far 
as the thermal agitation will permit. Thus the dielectric constant, or rather 
that part of it which is due to orientation, varies inversely proportional to 
the absolute temperature.® Such orientation of the polar molecules in the 
field of neighboring molecules, if it occurs to any large degree, causes a very 
great increase in attractive force between molecules. The amount of orienta- 
tion increases rapidly as the molecules are brought closer together, and also 
increases slowly as the temperature 1s lowered. The force of attraction 
between two dipole molecules which are oriented in each other’s fields is 
6e232/rt where e is the charge and 4 the displacement of the dipole (e5 = the 


*P. Debre, Phys. Zeit., 21, 178 (1920), has made this classification based on the degree of 
Py , . oy 2 


e distri ion of electrons within atoms. : 
Bet le Seah ee oenic will be taken to include atoms in those cases where the atoms act as 


individuals, as, for example, in gaseous or liquid neon. 
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electric moment) and r is the distance between the molecules. The force due 
to orientation thus varies inversely with the fourth power of the distance. 


3. Ionic. eee hi bal 

Electrolytic ions such as Na*, SO," ~, etc., are familiar examples. Gaseous 
ions must also be included in this group. ‘The molecule, which in this case 
is an ion, has an unequal number of electrons and protons, or, in other words, 
the number of electrons is not equal to the positive charges of the nuclei. 
The electric field around such ions is in general very much greater than around 
polar and non-polar molecules, and falls off still more slowly as the distance 
increases. The force between two ions in free space varies inversely as the 
square of the distance between the ions. But in presence of other molecules, 
and particularly in presence of other ions, the deformation of the non-polar 
molecules, the orientation of the polar molecules, and the concentration differ- 
ences among the ions all tend to decrease the forces between ions. ‘The 
increased concentration of positivé ions around negative ions and vice versa 
causes the force between two given ions to decrease with increasing distance 
more rapidly than according to the inverse square law. Debye and Hutckel ® 
have recently been able to develop a mathematical theory of these effects which 
has cleared up at one stroke most of the perplexing problems involved in the 
theory of electrolytic dissociation. 


Attractive Forces. 


From this analysis we see that there are three fundamental factors that 
cause attractions between molecules: 

a. Deformation 
b. Orientation 
c. Segregation 

Debye has shown that two uncharged molecules, each consisting of a rigid 
structure of positive and negative particles, would on the average exert no 
force on one another if all orientations of the molecules are equally probable. 
But, since all substances have dielectric constants greater than unity, the par- 
ticles must become deformed when they get into each other’s fields. ‘This 
deformation is always such as to cause an attraction between the molecules. 

In general, there will also be a tendency for molecules to be oriented when 
they approach one another sufficiently closely. This orientation always in- 
creases the attractive force. 

Debye has also pointed out that if, around a given ion in an electrolyte, 
there were no concentration of ions of opposite sign, there would be no 
resulting attraction between an ion and its neighbors. But since there is in 
fact around any ion an increased concentration of ions of opposite ‘sign, 
there is a resulting attractive force which opposes the osmotic pressure of 
the ions, due to their thermal agitation. It is this effect which we have denoted 
by the term Segregation. It may occur not only with ions, but also with dipole 
molecules such as those of water. By the segregation of dipole molecules and 
their orientation about a given molecule or ion electric forces may be trans- 
mitted through distances larger than would otherwise be possible. 


Repulsive Forces. 


Of course the attractive forces in matter must be balanced by equal re- 
pulsive forces. Very little has been definitely known about these forces except 


THE EFFECTS OF MOLECULAR DISSYMMETRY 529 


that they vary inversely with some very high power of the distance between 
molecules. In the past in the kinetic theory it has been usual to take into 
account these repulsive forces merely by assuming that the molecules behave 
like infinitely hard elastic spheres which is equivalent to assuming that the 
force varies inversely with an infinite power of the distance. 

In order to account for the compressibility of solids Born and Landé? 
have shown that definite exponents for the repulsive force must be assumed.- 
Thus in the case of halide salts of the alkalis such as NaCl, KI, etc., he showed 
~ that the compressibility of the solid salts indicated that the repulsive force 
varied inversely as the lOth power of the distance between the ions, while the 
attractive force varied inversely as the square of the distance in accord with 
Coulomb’s Law. Born“ also attempted to show that the inverse 10th power 
law for repulsion could be deduced by assuming that the electrons in the ions 
were arranged with cubic symmetry as at the corners of a cube. This attempt, 
however, must be regarded as a failure for two reasons. Ist. The method 
of mathematical expansion used is not legitimate when applied to distances 
as short as those between ions in salts, and 2nd, Born assumed that the cubical 
ions were all oriented so that their edges are parallel. This kind of orientation 
would be unstable under the forces assumed. If the atoms should become 
oriented ijgtesponse to the forces acting, the repulsive force would disappear 
and woul@@®e replaced by an attractive force which would act in addition to 
the force between the ionic charges. 

Such orientation of ions as Born assumes may very possibly exist in solid 
crystals from causes which he does not discuss, but this orientation cannot 
be the cause of the repulsive forces which determine the compressibility, since 
the elimination of the orientation by melting the salt does not greatly alter 
the density or the compressibility, whereas by the reasoning of Born’s theory the 
repulsive forces, being then unbalanced, should cause a complete collapse of 
the structure. 

Thus we cannot regard Born’s theory as one that throws any light on the 
cause of the repulsive forces. 

Debye,® however, has recently developed a theory which seems to indicate 
the nature of the repulsive forces. It depends essentially on the orbital mo- 
tions of the electrons within the atoms in accord with Bohr’s theory, whereas 
Born in his calculations had assumed that the electrons acted as if stationary. 
Debye assumes that the conditions imposed by the quantum theory determine 
the size of the electron orbits and the frequency of rotation in these orbits. 
Thus the electric field around an atom or molecule is not a static field but is 
a pulsating or partly oscillating field increasing in amplitude of oscillation very 
rapidly as the surface of the atom is approached. Thus when an electron 
approaches an atom it acquires in addition to any motion of translation it may 
haye, an oscillatory motion due to the pulsating field. Debye shows that this 
oscillatory motion tends to be 180° out of phase with the field producing it, 
and then shows, that because of the non-uniformity of the electric field near 
an atom, the resulting force will be one of repulsion. This repulsive force may 
be assumed to exist not only for free electrons but for electrons which them- 
selves are involved in the orbital motions of other atoms. 

Thus the repulsive forces between atoms and molecules are due to the 
perturbations in the electron orbits caused by the motions of the electrons 
which revolve in orbits in neighboring atoms. The repulsive force does not 
originate from an atom as a whole, but comes from the close approach of 
electrons in the two atoms. Thus we should look upon these forces as sur- 
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face forces and should try to express them as functions of the distances 
between the surfaces of the atoms (fixed by the outer electron orbits) rather - 
than in terms of the distances between the centers of the atoms. 


ForRcES AT THE SURFACES OF MOLECULES 


In a discussion of the compressibility of metals and its relation to inter- 
atomic forces ® the writer has shown that the range of the attractive forces 
between the atoms is approximately the same for all metals, although the 
compressibilities of the metal and the volumes of the atoms vary over wide 
ranges. Thus although the compressibility of cesium is 220 times that of 
tungsten, and the atomic volume is 7.4 times that of tungsten, the range of the 
attractive force is nearly the same, 0.66 X 10°° and 0.57 & 10°§ cm. respec- 
tively. 

Debye*® in a paper of 1920 in analyzing the causes of attractive forces 
between non-polar molecules attempts to calculate the force from assumed 
stationary electron configurations. For this purpose he expressed the electric 
potential in the neighborhood of a given molecule in terms of an infinite series 
expanded according to reciprocal powers of the distance ry from the center 
of the molecule. If the molecule is uncharged (1.e., is not ion) the first 
term which involves 1/r vanishes. If the molecule is connec enNke. has no 
electric dipole moment) the second term involving 1/r? vanishes. For a non- 
polar molecule, which is of the type of a quadrupole, the third term is there- 
fore the first term which does not vanish. Debye considers therefore the 
effects due to this term involving 1/r* and neglects all subsequent terms in the 
series. lf, however, the molecule has a higher degree of symmetry than that 
of a quadrupole (for example a tetrahedron or cube) the third term (which 
is the only one that Debye considers) should also vanish. 

Debye then calculates that the average force which acts on a molecule B 
when at a distance r from a similar molecule A is given by 

2407? 

Pa (1) 
where ¢ is a function only of the “electric moments of inertia” (Zex?, Ley? 
and Lez?) determined by the positions of the electrons and nuclei in the mole- 
cule. The quantity a measures the deformability or ease of polarization of 
the molecule in an electric field and can be calculated from the dielectric con- 
stant, or better from the molecular refractive index. 

Debye then proceeds to test these conclusions by calculating from this 
equation the coefficient a in the van der Waals’ equation. 


a Z 
(p+) 0) = RP (2) 
which measures the attractive forces between molecules. He finds 
One ate 
aS iwi (3) 


where JN is the Avogadro constant (6.06  10*) and d is the diameter of the 
molecule. In deriving this relation Debye assumes that the force between the 
molecules is given Equation by 1 for all distances from d to ©. Considering 
the derivation of Equation (1) it is clear that we have no right to apply it to 


THBP PPECTS*®OF MOLECULAR DISSYMMETRY 531 


distances comparable with the diameter of the molecule, for the neglected 
terms in the expansion on which it is based, should then be as important as 
the term actually considered. Debye, however, uses Equation 3 to calculate + 
from the experimentally determined values of. a. 

He then compares the values of + obtained in this way with those calculated 
by another method from the Sutherland constant c which is determined from 
the temperature coefficient of the viscosity of gases by the equation 


__ const WD i Teeth) 
= : 
L+5 : 


The Sutherland constant is a measure of the attractive forces between mole- 
cules and thus Debye is able to express it in terms of t which occurs in Equa- 
tion 1. 

The values of + calculated by these two independent methods agree very 
well with one another (average error about 4 per cent) for the gases argon, 
krypton, xenon, nitrogen, oxygen and ethylene which have molecules of the 
non-polar type. For hydrogen and helium, however, the errors are about 50 
per cent. Debye concludes that this good agreement indicates that “the law 
of force (Equation 1) and its interpretation correspond completely to reality.” 
Undoubtedly the agreement justifies the use of the inverse 9th power law of 
attractive force between non-polar molecules and the relation between the 
attractive forces and the refractive index, but it should not be concluded that 
this is evidence of the correctness of the relation between + and the assumed 
arrangement of electrons (electric moment of inertia). 

With a force which varies with the inverse 9th power, the force falls to 
one-half value for an increase of only 8 per cent in the distance. Thus the 
cohesive forces corresponding to the van der Waals and Sutherland constants 
are determined mostly by the forces exerted by the molecules upon one another 
during the times that their distance apart does not exceed the distance of 
minimum approach by more than 10 per cent. 

When a molecule is as close as this to another the force acting at the near 
side of the first molecule would be about 10000 times as great as the further 
side of the molecule. We are then surely not justified in considering that the 
deformation would be the same as if the molecule were in a uniform field 
having the intensity of that at the center of the molecule. The fact that Debye 
does get good agreement must be due to two compensating errors. Ist 
the field at the near side of the molecule where it alone needs to be con- 
sidered is much stronger than that calculated by Debye, and 2nd this field 
acts effectively on only a small part of the molecule and its effect is thus 
reduced. 

Examining Debye’s data we find that the values of t+ which he finds are 
quite accurately proportional to the 4th power of the molecular diameter. 
From this it can be shown that the root-mean square electric field at the surface 
of the molecule which causes the mutual polarization of the molecules when 
they are in contact is practically the same for all the substances considered, 
and has the value of .9.8 * 10® volts per cm. (for y= d) which is the field 
that exists at a distance 1.21 * 10-* cm. from an electron. 

Thus we see that the intensities of the fields around different non-polar 
molecules are practically identical when regarded as surface forces rather than 
as forces which originate at the center of the molecules. 
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SuRFACE ForcES AS THE CAUSE OF MOLECULAR ORIENTATION 


The surface tension y of a liquid is the free energy per unit area or is that 
part of the surface energy which can do work. The total energy per unit area 
Yo is given by 

dy 
yo=y—T (4) 

To produce isothermally a new surface of unit area we must expend the 

work y, but the total energy increases by more than this, the difference 


— e being derived from heat energy, and thus causing a cooling effect. 

In general the temperature coefficient = is practically constant, and there- 
fore by Eq. (4) Yo is constant and equal to the value of y at 7 =O. From 
the linear change of y with temperature it is probable that the variation of y 
is a direct result of the thermal agitation of the molecules, and is not due to 
any change in the structure of the surface. In studying the effects of molec- 
ular orientation we must, therefore, consider the total energy y) rather than 
the free energy. ; 

In the early work on the orientation of the molecules in the surfaces of 
organic liquids, the writer pointed out that the different portions of the 
molecules produced their characteristic effects independently of the presence 
of the other portions of the molecular surface. Thus it was stated: + 

“The surface energy of a liquid is not a property of the molecules, but depends only 
on the least active portions of the molecules and on the manner in which these are able 
to arrange themselves in the surface layer. In liquid hydrocarbons of the paraffin series 
the molecules arrange themselves so that the methyl groups at the ends of the hydro- 
carbon chains form the surface layer. The surface layer is thus the same no matter 
how long the chain may be. As a matter of fact the surface energies of the hydro- 
carbons from hexane to molten paraffine, have substantially the same surface energy 
(46-48 ergs per cm.’) although the molecular weights differ very greatly. If we consider 
the alcohols such as CH;OH, C2H;OH, etc., we find that their surface energies are prac- 
tically identical with those of the hydrocarbons. The reason for this is that the surface 
layer in both cases consists of CHs groups.” 

We see that this conception of surface forces is in agreement with the 
conclusions that we have reached by our more general considerations of inter- 
molecular forces. We may, however, use this idea of separate surface energies 
for different parts of the molecular surface, to explain the orientation of the 
molecules and many other phenomena observed in liquids. 

Let us apply the idea of surface energy to the surface of a molecule in 
the same manner as we apply it to a large surface of a liquid. As an example 
we will consider a molecule of palmitic acid, C,;H;,;COOH and calculate 
the difference in surface energy when the molecule is in various environments. 
From the density 0.85 and the molecular weight 256 the volume per gram 
molecule is 301 cm* and from the Avogadro number we find the volume per 
molecule to be 497  10-**cm*. Because of surface tension forces a molecule 
of palmitic acid vapor will assume a nearly spherical form in which the 
carboxyl group is buried as completely as possible within the sphere. Thermal 
agitation and internal stresses in the molecule will tend to prevent the molecule 
from being truly spherical, but with a molecule as large as palmitic acid the 
effect of the surface energy should predominate and make the molecule 
approximately spherical. Let us estimate the maximum and minimum surfaces 


which the molecule may possess. 
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The minimum surface will correspond to the spherical form. The diam- 
eter of a sphere having a volume * of 497 A? is 9.83 A and its surface is 
304. A®. The maximum area occurs when the hydrocarbon chain is as nearly 
straight as possible. The experiments on adsorbed films on water have shown 
a minimum cross-section of 20 A? for the hydrocarbon chain. If we consider 
the molecule to be a cylinder having this cross-section and having hemispherical 
ends, we find the diameter to be 5.04 A, the length of the cylindrical part 
21.5 A and the total surface 420. A?, which is 39 per cent greater than the 
‘surface when the molecule is spherical. 

The difference in surface (116.A*) multiplied by the surface energy of 
hydrocarbons (50 ergs per cm.) gives the energy involved in the transforma- 
tion between the cylindrical and the spherical form. 

Let us then consider whether this energy of 58. x 10 erg is sufficient 
to cause the molecule to assume a nearly spherical form. 

The ratio P;/P, of the probabilities of the occurrence of any particular 
configuration of a molecule is given by the modified Boltzmann equation 


= =e KT (5) 


where A is the energy required to change the molecule from the state 2 to 
state 1, and p, and pf» are the a priori probabilities of the two states, which are 
largely determined by geometric factors and the definitions of the two states. 
If we put A= 58 X 10%, T = 293, the exponent is — 14.4 and the exponential 
factor is thus 6 X 107 so that nearly all the molecules must be in a nearly 
spherical form unless p/p2 has a very large value. If the surface energy 4 
were zero the ratio p,/p. would measure the relative probabilities of the two 
configurations. Of course the probability p2, would be zero if we were to 
consider only absolutely spherical molecules. We should therefore consider 
a range for each state, taking, for example, state 2 to be one in which the 
surface area is not more than 5 per cent greater than that of a perfect sphere, 
while state 1 is one in which the area is not less than 95 per cent of that of the 
cylindrical molecule already considered. 

If 4 were zero, thermal agitation would make the molecules assume the 
most varied shapes. It seems likely, however, that in most of these configura- 
tions there will be a relatively large part of the surface of the hydrocarbon 
chain exposed, so that p, will be larger than p.. But this difference in proba- 
bilities will be a very moderate one, not at all able to compensate for the very 
small value of the exponential factor in Equation (5) when A has the value 

Pe alOus erg, ; 

* in these Benicar we have used the total surface energy Yo instead of 
the free energy. The thermal agitation may tend to oppose the contraction 
of the surface of a single molecule, but probably to a much smaller extent 
than in the case of a large surface of many molecules. However, the con- 
clusion that there is ample energy to bring about a nearly spherical form would 
not be altered if \ were half as great as we found, so that for the present 
we shall not attempt to draw a distinction between free energy and total 
nergy in applying Equation (5). 

: ae ae itte Ecid ioleciie is surrounded by water, the hydroxyl group 
is nearly completely surrounded by water molecules, while the hydrocarbon 


i r di i i f it 10-8 cm.; 
by nce we shall express molecular dimensions in terms of the Angstrom unit A 
thus pay! "5 10-18 cm.2 and 4 A?’ = 4 & 10-*4 cm.’ [A stands for A.U. J. A.J 
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chain will draw itself as nearly as possible into a sphere, since the interfacial 
surface energy between water and hydrocarbon is about 59 ergs, which is even 
more than the surface energy of a hydrocarbon (against vapor). 

Before proceeding with the properties of the palmitic acid molecule let 
us consider the somewhat simpler problem of a hydrocarbon molecule. To 
facilitate comparison we will assume that the hydrocarbon molecule has the 
same volume (497A®*) as the palmitic acid molecule. This corresponds approxi- 
mately to hexadecane C,.H;,. Let us now calculate the energy needed to 
transfer such a molecule from a hydrocarbon liquid to —1, the interior of a 
mass of water; 2. a vapor phase, and 3. an adsorbed film on the surface of 
the water. 

While the hydrocarbon molecule is in a liquid consisting of other (satu- 
rated) hydrocarbons its surface energy may be taken to be zero, since there 
are no interfaces, even if the surrounding hydrocarbon molecules are of 
different molecular weight. When the molecule is transferred to the interior 
of a large volume of water the surface energy is } = sy) where s, the surface 
of the molecule, is 304 A? and the interfacial surface energy y) = 59 ergs per 
cm. Hence A= 179 X 104 erg. For the formation of a molecule of vapor 
we have the same value of s but yp = 50 so that A= 152 & 10%. 

These energies correspond respectively to the heat of solution and the 
heat of evaporation of the hydrocarbon molecule. Actually the heat of evap- 
oration is about 55 per cent of the value calculated in this way. The agree- 
ment as to order of magnitude is satisfactory. The surface energy 50. ergs 
per cm? is that which is measured when a fraction (probably about %) of the 
surface of the molecules is exposed, while the heat of evaporation corresponds 
to the whole surface exposed. It is probable that the difference is caused by 
the more unsymmetrical state of the molecule when only part of its surface 
is exposed and by the resulting increase in the surface energy or stray field.* 

From the fact that A for the hydrocarbon molecule in water or in the 
vapor state is so large we may conclude from the Boltzmann equation that 
the vapor pressure and the solubility are very small in the case of a hydro- 
carbon with a molecule as large as we are considering (16 carbon atoms). 
With lower molecular weights the surface area of the molecules becomes 
less and the volatility and solubility thus increase. The relatively small 
solubility of even the lower hydrocarbons may be explained in this way. 

The energy of transfer of a hydrocarbon molecule to an adsorbed film on 
water will depend on the configuration and the orientation of the molecule in 
the surface. Let us consider three possible cases: 

a. A spherical molecule half immersed in the water. The energy A is 
thus the sum of the energies of the two hemispherical surfaces minus the 
energy of the water surface which is destroyed by the presence of the hydro- 
carbon molecule. The cross-section of the molecule through the center is 
76.A* while each hemisphere has a surface of 152.A*. Taking the total 
surface energy of water to be 117 ergs per cm.? we have 

Ac (59 &152:-- 505 1525917576) 1028 
=a 7 a LO eras. 

b. A cylindrical molecule, half immersed in the water, oriented with its 
axis parallel to the water surface. The area of the section parallel to the axis 
is 128. A? and half the molecular surface is 210 A? so that 


“In a paper to be published in the Journal of Physica} Chemistry this theory of evaporation is 
developed and discussed in more detail and gives quantitative agreement with the heats of evaporation 
not only of hydrocarbons, but of alcohols and other substances, 
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A= (59 X 210 + 50 X 210 — 117 X 128) 108 
= 79,10 erg: 


c. A cylindrical molecule, half immersed in the water, oriented with its axis 
perpendicular to the water surface. The cross-section of the molecule parallel 
to the water surface is 20. A?. Thus we have 


k= (59 X 210 + 50 X 210 — 117 X 20) 1078 
= 206. X 1074 


Table I gives a summary of these results to facilitate comparison. 


TABLE I 
SuRFACE ENERGY OF A HyprocarBon MorecuLe CisHy Having A VotuMeE 497. A? 


Sphere 9.83 A diameter or Cylinder 5.04 A diameter 


304. A? surface 420. A? surface 
Shape and 

Orientation of Energy in 

Location of Molecule Molecule Erg X 10714 
In liquid hydrocarbon (eotndee, 0 
I t Sphere 179. 
PAA Cylinder 248. 
I Sphere SY, 
tea POF Cylinder 210. 
Sphere ide 
Seg pe Uke Horizontal cylinder 79. 
(half immersed ) Vertical cylinder 206. 


Surface energies used in calculations—water vs. vapor 117, water vs. hydro- 
carbon 59; hydrocarbon vs. vapor 50 ergs per cmas taken from tables by 
Harkins et al. ' 


The difference in energy between the spherical and cylindrical form when 
the molecule is in the vapor phase or the water phase is so great that the 
molecules will be nearly spherical. But with the molecule in the interface 
the difference in energy (2 X 10°*) between the sphere and the horizontal 
cylinder is so small that it will have little effect in determining the shape, the 
exponential factor in Equation 5 being only 0.61. Thus the configuration of 
the molecule will depend almost wholly on the a priori probabilities. For rea- 
sons already given a nearly spherical form is improbable as compared to an 
extended or irregular form in which the larger part of the molecule is exposed. 
These considerations lead us to conclude that a hydrocarbon molecule adsorbed 
on a water surface will lie flat on the surface when not crowded by other 
adsorbed molecules. 

This conclusion is the same as that reached by the writer from a study ” 

of the surface tensions of dilute solutions having non-saturated adsorbed 
films. ; ; } 
The very high value of A in the case of the vertical cylinder shows that 
molecules can be oriented vertically only very rarely. The difference in energy 
between the horizontal and vertical cylinder (127  10%*) gives, when sub- 
stituted in Equation (5), an exponential factor of 2 10*. In this case 
the a priori probabilities of the two orientations are the same so that only one 
adsorbed molecule out of about 10% will be oriented in a vertical direction. 
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The energy 79 corresponding to the adsorbed molecule is very much less 
than the 152 for the vapor or 179 for the water phase. We can thus see that 
the presence of molecules in the interface is very much more probable than in 
either the water phase or the vapor. This conclusion is strikingly in accord 
with the facts. 

Hexane vapor coming into contact with water lowers its surface tension 
very considerably. According to Gibbs’ Law this proves that there is an 
adsorbed film of hexane molecules in the surface having a much higher con- 
centration than that of either the vapor phase or the water phase. With 
hexane the energy of transfer to the adsorbed film is roughly about % ¢ths 
of that for hexadecane but the ratio of this energy to that in the vapor or 
water phase is about the same for the heavier molecule. As the length of the 
chain increases the vapor pressure, solubility and amount of substance adsorbed 
decrease, but the ratio of the amount adsorbed to that in either phase must 
increase. i 

We shall see that this is the fundamental cause of the formation of mono- 
molecular films of organic substances on water. The ratio between the con- 
centration of the substance in the film and in the water is not greatly altered 
by the presence of an active group (such as carboxyl) in the molecule. The 
principal effect of the active group is to increase the solubility of the substance 
in water and therefore cause a corresponding increase in the amount adsorbed. 


The Effect of an Active Group. 


When we replace a hydrogen atom in a hydrocarbon by a hydroxyl, 
carboxyl or similar radical we change the surface energy of a part of the 
molecule very greatly without having very much effect on the remainder of 
the molecular surface. From this viewpoint we have at once an explanation of 
the fact that the introduction of such a radical or active group lowers the vapor 
pressure and increases the solubility. 

Let us now take up again the consideration of the palmitic acid molecule 
as an example of a molecule having an active group. We shall adopt Adam’s 
terminology and refer to the hydrocarbon portion of the molecule as the tail 
and to the active group—COOH as the head. Representing the molecule by 
the usual symbol RX we shall thus let R denote the tail and X the head. For 
the calculations of the surface energies we shall adopt the following values 
for the surface energies (ergs per cm.”). 


VR = XO). Yrw == 59. 
yx = 144. ae == 20) 
Sa Yxw = — 30. 


The subscript w refers’ to water. The surface energies of hydrocarbons 
and of water, yr and yw respectively are the values we have already used and 
are those given by Harkins for the liquids in bulk. The same is true for the 
interfacial energy Yrw. The value of yx has been obtained from a study of 
heats of evaporation of hydrocarbons and fatty acids while yrx and yxw 
were found from a study of the vapor pressures of binary mixtures by a 
method which we shall soon describe briefly. The negative value for the sur- 
face energy between carboxyl and water which results from these studies is 
in accord with the very marked increase in the solubility in water caused by 
the presence of this group. © 

We have already estimated the surface area of the palmitic acid molecule, 
but we now need to know’the surface of the carboxyl group. From a com- 
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parison of the volumes of the molecules of the lower fatty acids we may 
estimate the surface to be 45.A? which is the value that was assumed in 
obtaining the values of yx, yxr and yxw. 

Table II gives the dimensions of palmitic and butyric acid molecules cal- 
culated from the molecular volumes assuming three different shapes. The 
hydrocarbon tail is taken as spherical, cylindrical or of the form of a hexag- 
onal prism, this latter shape being useful when considering molecules packed 
in surface films. 


TABLE II 
DIMENSIONS OF PALMITIC AND Butyric Actp Mo.LEcues 
Palmitie Acid Butyric Acid 
Ci;sHs,COOH C3H;COOH 

Maelecular weight: jt. Wc. . Ga) fuses 256. 88. 

IDYSTRR oes aN ereerre cate Coe Pee OF 0.85 0.96 

Woltmempen molecules cro ssrele cists cis. 497. A® 15 0 ee Ae 
Sphere 

WIdIMeteI rs nema iets oat ees dais 9.83 A 6.59 A 

pROtalmstindacersenan aiid. tistat sc thecs reste 304. A? iletey, AN? 

S isla ComOte HeAdae sme: ceva sem aes Gly AN AS Aa 

SUGPACCO test ail spare tas cecnchetra atois arsine 2595 es Ole AY 

Section Obs tail tops acs, s.atenw scarereisresmacerss aes iho, INS see ANS 
Cylinder with Hemispherical Ends 

IDiatnetehMeen co nate ae me ecco os 5.04 A 5.04 A 

Kencthvorecylindricall partac-. sess se + 21.50 2.80 

plotalestirraceds serawee tees neler ares AVA Ie 146. <A? 

STirkacemobe heat vecelmiacrito teres womeerts AN Ne Aly NG 

Sumlaceeo fatale weet cre ce cit «laercictones 3/ Some AG LOA 

ulna VensenSection OLstailaa senate en 20 AS 20 eA 

oneitidinalasections Ot tallewtasc es oe otis 108. A? sda AG 
Hexagonal Prism 

SidleRol Hexagon a ccjeve sce svereunsin sew eserves 2.64 A 2.64 A 

Rotalesurtiacetacn: che tees cna ceaeniote te 420. A? 146. A? 

Knatisviersey SeCtION ieee se eitiee netics: « ZA), | iNe 20 AZ 

Moneitidinalusection meee eree ce sti ters 108. A? 34. A? 


The surface energies of these molecules in various environments have 
been calculated from the data in Table II by means of the assumed values of 
the y’s and the results are given in Table III. The assumed locations and 
orientations are illustrated diagrammatically in Fig. 1, in which the numbers 
correspond to those in the first column in Table III. The relative lengths and 
diameters shown in Fig. 1 agree with those given for palmitic acid in Table 
II except that the molecule marked 6b illustrates the butyric acid molecule in 
a cylindrical form. 

As an example of the method of calculating the surface energy let us 
consider Case 10 in which a molecule of palmitic acid is adsorbed on a water 
surface. The hemispherical upper end of the molecule which extends above 
the water has a surface of 40. A? and since the surface energy yz is 50 this 
part of the molecule contributes 20. 10“* erg. The surface of the chain 
in contact with the water is 375 — 40 = 335, and the surface of the head 
is 45. The surface of water destroyed by the presence of the molecule is 20, 
so that the total energy, obtained by multiplying these surfaces by the corre- 
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Fic. 1—Diagram illustrating the various locations and environments of molecules 
considered in Table ITI. 


TABLE II] 


SuRFACE Enercies oF Patmitic Acip AnD Buryric Actin MoLecuLes IN VARIOUS 
ENVIRONMENTS. (See Fig. 1.) 


Surface Energy 


Case Palmitic Acid Butyric Acid 

No. Location of Molecule Shape and Orientation — 10-4 Erg — 10-* Erg 

1. In liquid hydrocarbon Sphere or Cylinder 9 9 

2. In its own liquid (palmitic or Cylinder 8 
butyric) 

3. In vapor phase (head exposed) Sphere 189 111 

A eee s ss cs c Cylinder 252 115 

5. In water Sphere 139 40 

Ose ake Cylinder 208 vl 46 

7. At interface between water and Cylinder, vertical, X — 37 — 37 
hydrocarbon down 

8 At interface between water and Cylinder, vertical, X up 207 45 
hydrocarbon 

9. Adsorbed on water surface (sin- Sphere (half immersed) 39 —4 
gle molecules) 

10. Adsorbed on water surface (sin- Cylinder, vertical, X 181 19 
gle molecules) down 

11. Adsorbed on water surface (sin- Cylinder, vertical, X up 236 74 
gle molecules) 

12. Adsorbed on water surface (sin- Prism, horizontal 64 1 
gle molecules) 

13. Adsorbed at edge of film as # — 4 — 8 

14. Baie ed ms “vertical -~17 — 17 


iN. & in single vacancy in film “horizontal —78 — 32 


—— 
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sponding y and adding is (40x 50 335 & 59) + (45 x — 30) — 
(20 < T17) = 181. 10-4 a aon <; aceaee 

In Case 2 where we consider a palmitic acid molecule in liquid palmitic acid 
we assume a random distribution of the molecules of the liquid. Each mole- 
cule has a tail having a surface of 375. while the surface of the head is 45, 
the head thus occupying 10.7 per cent of the whole surface. Considering 
the tail of a given molecule, we thus conclude that 0.107 of 375 or 40.2 is the 
area of the tail in contact with the heads of neighboring molecules while the 
remainder of the tail is in contact with other tails and therefore has no 
surface energy. Similarly we see that 0.107 of 45 or 4.8 is the area of the 
head in contact with other heads, while the remaining 40.2 of surface is in 
contact with tails. Thus the surface energy 2 & 40.2 x 20 X 107*= 16.1 
x 10-** erg is associated with the molecule we are considering. Only half 
of this energy, however, can properly be attributed to this molecule for if 
these interfaces are destroyed by removing the molecule (leaving a cavity) 
half the energy in question (viz. 8.x 10“*) can be recovered by allowing 
the cavity to collapse. Thus 8. 10-14 erg represents the surface energy of 
a palmitic acid molecule when surrounded by similar molecules. 

Case 14 deals with a molecule oriented vertically at the edge of a surface 
film of similarly oriented molecules. The molecules are assumed to be hex- 
agonal prisms arranged like the cells in honeycomb. On the average each 
new molecule added to the edge of the film makes contact with the molecules 
already present on three of the six faces of the prism. Three of the old 
faces are thus destroyed and three new ones are produced so that the lateral 
area of the edge of the film (whether in contact with vapor or water) is not 
altered by the presence of a new molecule. The change in surface energy due 
to the new molecule is thus: 


1. The energy of the upper end in contact with vapor. This area may be 
estimated as 30 & A? so that the energy is 30 X 50 = 15 x 10". 

2. The energy of the head in contact with the water. We may assume 
that the area 30°. A? is in contact with the water while the remaining 
15 . A? of the head is in contact with the adjacent heads. This energy 
is thus 30 X —30 =—9. X 10. 

3. The energy due to the water surface destroyed which is — 20 X 117 = 
— 23.4 10%. 


The total energy of a palmitic acid molecule at the edge of a film is thus 
15: —9— 23.4=> — 17.4 X 10°** erg. 

In Case 13 the new molecule at the edge of the film is assumed to lie hori- 
zentally being in contact with the other molecules of the film only over one 
of its six faces. 

Case 15 deals with the change in energy when a molecule is removed from 
a surface film of horizontally packed molecules (not at its edge) so as to 
leave a vacancy. 

An examination of the surface energies A of the molecules in various 
environments as given in Table III shows that they explain many of the 
properties of these substances. The small difference between 4 in Cases 1 
and 2, being less than the value of kT (4 X 104 erg at ordinary temperature), 
indicates that both palmitic and butyric acids should be miscible with hydro- 
carbons in all proportions. 

It is of interest to note that the difference between A for a molecule in a 
hydrocarbon and in its own liquid increases as the chain becomes shorter. An 
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example of an effect of this kind, sufficient to lead to relative insolubility, is 
observed in the case of methyl alcohol which is miscible with hexane in all 
proportions only at temperatures above 43° C. f : 

The solubility of palmitic acid in water is immeasurably small while butyric 
acid mixes with water in all proportions at temperatures above —2.5° C. 
These facts are in general accord with the values of A given under Case 5. Com- 
paring these with the values for the corresponding hydrocarbons (Table 1) we 
see that the introduction of the carboxyl group lowers the value of 4 by 40 
units. This accounts for the great increase in solubility. 

Comparing Cases 5 and 6 we conclude that the tail of the palmitic acid 
molécule in water must assume a nearly spherical form while with the butyric 
acid molecule, thermal agitation will be able to cause the tail to spread out as 
a chain. 

The most interesting applications of the data in Table III are in connection 
with the arrangements of molecules in surface films. Comparing Cases 2, 5, 
7 and 8 we see that the decrease in energy corresponding to Case 7 is so great 
that practically no molecules could exist in either a water phase or a hydro- 
carbon phase until the interface becomes saturated with molecules which are 
all oriented with their heads in the water phase. The relative number of 
molecules having this orientation as compared to those having the reverse 
orientation (Case 8) is found from the Boltzmann equation to be as 10°°:1 
for palmitic acid and 10°: 1 for butyric acid. 

In a similar way we may estimate the probabilities of the various possible 
orientations of molecules adsorbed at the free surface of water. The high 
value of 4 in Case 11 in which the molecule is oriented vertically with the 
carboxyl group uppermost shows that no molecules can be in this position. 

Without such analysis as we are now making it might seem that single 
molecules of palmitic acid adsorbed on the surface of water would take up a 
vertical position as is illustrated in Case 10, the carboxyl group being down- 
wards. In fact N. K. Adam as one result of work described in a series of 
valuable papers '* concludes that “expanded films are two-dimensional gases” * 
in which there is considerable space vacant between the molecules and that 
in these films “the molecules are oriented perpendicular to the water surface.” + 
An examination of Table III shows, however, that the value of A correspond- 
ing to this orientation has the high value of 181, while for a molecule lying 
flat in the water surface (with the carboxyl group turned downward into 
the water at one end of the molecule) 4 is only 64 (Case 12). A slightly 
lower energy (A= 39) is calculated (Case 9) for spherical molecules half 
immersed in the water surface. But the a priori probability of the spherical 
form (particularly in case of butyric acid) is so much less than that of the 
spread-out form of a molecule which lies flat, that this latter form becomes the 
more probable. 

This conclusion that the hydrocarbon chains of adsorbed molecules lie 
flat in a water surface was reached by the writer in 19171%* from a study 


* See paper by G. Friedel, this volume, p. 102. Some of the structures he describes may be one 
or two dimensional solids. J. A 

{In a footnote in his last paper Adam rejects the suggestion that I had made to him that the 
molecules in expanded films tend to lie flat on the water surface becoming overlapped if sufficiently 
crowded. He says “There is the more probable alternative, however, that as soon as the molecules 
have separated, through expansion of the films, they sink in among the water molecules so as to 
satisfy the attractive forces of the chains. If this is so they will probably remain vertical. Never- 
theless it must be remembered that the pressure in two dimensions in the surface is only about 
one sixth of that expected from the gas laws, and no satisfactory explanation of this fact is at present 
available.” The analysis in the present paper shows that a sinking of the molecules does not satisfy 
the attractive forces, but that the hydrocarbon chains must be in contact with one another whenever 
possible, otherwise they must lie flat in the surface. 
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of Taube’s and Szyszkowski’s data on the surface tensions of dilute aqueous 
solutions of fatty acids and other aliphatic compounds. The energy change 
involved in the transfer of a — CH, group from the interior of the solution 
to the surface was found to be constant and equal to 625 calories per gram 
molecule or 4.3 X 10° erg per molecule. 

By Table III the difference between 4 for palmitic and for butyric acids, 
due to the 12 CH, groups, is 63 for horizontal molecules on water, while 
for molecules in solution it is 162 for cylindrical and 99 for spherical mole- 
cules. Thus the energy of transfer from the interior to the surface is 
8.3 X 10*%* for each CH, if the molecule in water is cylindrical and 
2.8 < 10°** if it is spherical. The value 4.3 & 10°* found from the 1917 
work lies between these values and is thus consistent with the results given 
im, lable ITI. 

In discussing the spreading of adsorbed films of the higher fatty acids 
on water and in comparing these films with those of the lower fatty acids, 
it was pointed out in the 1917 paper that the films produced by small con- 
centrations of the lower acids behaved like two-dimensional gases obeying 


the gas law 
iste we (6) 


Here F is the spreading force (dynes per cm.) and a is the area (in cm.?) 
per adsorbed molecule. It was found that 

“in the case of the higher fatty acids the films do not spread upon the surface in the 
way required by this equation. Thus with palmitic acid the force F falls to 0.2 dyne 
per cm. when a = 23 A® whereas by the equation tlie force should be 17.5 dynes per cm. 
for this value of a. 

“Any solid or liquid film must have a certain tendency to spread on the surface by 
giving off separate molecules which follow the gas laws. This tendency may be meas- 
ured as a ‘surface vapor pressure.’ With palmitic acid and higher fatty acids this 
pressure is less than 0.1 dyne per cm. The smallness of this pressure for the higher 
fatty acids must be due to attractive forces between the molecules powerful enough to 
prevent their separation. These same forces tend to prevent the film from evaporating 
from the surface into the vapor phase and from going into solution in the water. There 
are thus intimate relationships between the lowering of surface tension produced by 
fatty acids and the vapor pressures and solubilities of these substances. These relation- 
ships will be discussed in more detail in another part of this paper.” 


It was intended to publish the work here referred to as Part III of the 
paper on the Constitution and Fundamental Properties of Solids and Liquids, 
but war work which began at that time prevented the carrying out of this plan. 
The present paper, however, deals with this subject in the manner that was 
then contemplated. 

It was also shown in the 1917 paper that a film of palmitic acid on water 
at 16° C. resists compression with a force greater than 1 dyne per cm. only 
when a, the area per molecule, is less than 21. A. But if the water is heated 
to 45° the film resists compression when a is 33.A? and a similar value of 
a is found at 16° if a very small amount of acid is added to the water. Thus 
adding acid or raising the temperature causes the film to expand if the 
applied compressional force is not over 10 or 20 dynes per cm. Adam 
has called such films ‘expanded films.” He believes, as we have seen, that 
- the molecules in these films are in the condition of a two-dimensional gas 
and that the molecules are oriented vertically. Let us see what light is thrown 
on these questions by the calculations of Table III. 

A palmitic acid molecule at the edge of a film of vertically close-packed 
molecules has an energy 4—=-—4 if the molecule is horizontal (Case 13) 
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and 4==—17 if the molecule is vertical (Case 14) like those in the rest 
of the film. Thus the vertical orientation is the more probable. An isolated 
molecule lying flat in the surface (Case 12) gives \= 64. The difference 
81 is so great that the conclusion may be drawn that practically no molecules 
will exist isolated in the surface layer but that they will all exist in clusters 
in which the molecules have their hydrocarbon chains in contact with each 
other. These values of A thus explain the observed fact that the two- 
dimensional gas pressure is negligible for palmitic acid films. : 

With a lower fatty acid such as butyric acid, however, the difference in 
energy between an isolated molecule in the surface and one located at the 
edge of a film is only 18 units so that it is not surprising that with these 
lower fatty acids the molecules, at least in dilute solutions, do follow the 
laws of two-dimensional gases. : 

That isolated molecules of palmitic acid in a water surface cannot exist 
in appreciable numbers is thus proved by the data of Table III and by the 
experimental observation that for values of a greater than say 40A*, the 
spreading force is immeasurably small. Thus Adam’s view that the ex- 
panded films consist of molecules which are largely isolated cannot be cor- 
rect. What is then the proper explanation of the expanded films? 

In the 1917 paper in discussing the arrangement of molecules in adsorbed 
films on the surfaces of fatty acid solutions it was concluded (page 1888) 
that in dilute solutions “the hydrocarbon chain lies spread out flat on the 
surface of the water, but as the concentration of the solution increases, the 
molecules become more closely packed and when the surface becomes saturated, 
the molecules are all arranged with their hydrocarbon chains placed vertically.” 
The transition between the two states was assumed to take place in the man- 
ner that was suggested (on page 1865) for the expanded film of oleic acid, 
viz., in the expanded film “the molecules are partly reclining on the surface, 
while in the second case (compressed film) they are packed tightly side by 
side and are more or less erect upon the surface.” 

The area covered by a vertically placed palmitic acid molecule is about 
20. A? while the same molecule lying flat on the surface should cover an 
area of about 108.A?® (see Table I1). Clearly then the expanded film 
occupying an area of at most 40 A® must consist of molecules which are 
only slightly inclined from the vertical As a matter of fact there is no 
reason at all why the flexible hydrocarbon chains should orient themselves 
at any particular angle. They will be quite free to respond to thermal agi- 
tation and arrange themselves nearly in the same random manner as in a 
liquid hydrocarbon, the only restriction upon their motion being imposed 
by the condition that the lower end of each molecule must remain in contact 
with the underlying water. We can thus readily see why the expanded films 
are always liquid while the contracted or fully compressed films of vertically 
oriented molecules are frequently solid. Taking the volume of the hydro- 
carbon chain in the palmitic acid molecule as 450A* (Table IL) we see that 
the thickness of the hydrocarbon layer (in A units) will be 450 ~ @ where a 
is the area of the film per molecule (in A? units). Thus when a = 20A? the 
thickness is 22.5A while for an expanded film for which a = 33A? the thick- 
ness is 13.6A. Such an expanded film is represented diagrammatically by 
16 in Fig. 1, the area per molecule corresponding to the inclination shown 
being about a = 60. A?. 

Consider an expanded film as covering a definite area of a water surface. 
If additional palmitic acid molecules are introduced into the film there is no 
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change in the area of the free.hydrocarbon surface. The energy of transfer 
of a molecule from any given location to an expanded film is thus the same 
as the energy of transfer of the molecule to an interface between hydrocarbon 
and water as illustrated by Case 7 in Table III and Fig. 1. According to 
the data of Table III the value of 4 for a molecule of palmitic acid at the 
edge of a condensed film is's—17 (Case 14) while for a molecule in an 
expanded film (Case 7) 4 is —37. This would indicate that the expanded 
film should form in preference to the condensed film. However, the differ- 
ence of 20 in the values of 4 is not greater than the probable error so that 
the sign of the difference is somewhat uncertain. In considering the sta- 
bility of expanded films we must take into account the applied compressive 
force and the effect of the forces acting between the heads of the molecules 
which are located in the interface between the hydrocarbon film and the 
water. To understand these relationships better let us analyze the problem 
as follows. 

Let molecules of a substance (which spreads on water) be present 
per unit area as an expanded film on the surface of water. The flexible hydro- 
carbon tails of the molecules are subject to little or no constraint except that 
due to the fact that they are attached to the heads which are constrained 
to remain in contact with the water. This constraint may well influence the 
degree to which the thermal energy of agitation of the hydrocarbon tails aids 
in spreading the film and may thus alter the relation between the total energy 
and the free energy which should be used in connection with the Boltzmann 
equation. But as a first approximation we may ignore such an effect of the 
thermal agitation, especially as we are willing to regard the surface energies 
Yr, etc., as empirical quantities. 

The expanded film may thus be looked upon as a layer of hydrocarbon 
liquid having at its upper surface a surface energy yr and having adsorbed 
in its interface with the water m active groups, or heads per unit area. 
Consider now that by means of a two-dimensional piston (for example a 
paper strip on the surface) the expanded film is allowed to cover only a 
part of the surface of the water. The spreading force F (in dynes per cm.) 
exerted by the film is measured by the mechanical force applied to the piston. 
‘On one side of the piston is a surface of water which exerts a force y w 
tending to cause the film to expand and on the other side is the expanded film 
whose upper surface exerts a force yr while the lower surface exerts a 
force which we may represent by yz. Thus for equilibrium we have 


Y¥w—P=yet+ yz. (7) 


If the molecules in the film did not have any active groups, the surface 
tension yz, would be equal to the normal interfacial energy yew. But the 
active groups in the interface because of their thermal agitation will tend 
to act like a two-dimensional gas. When these active groups or heads are 
far enough apart they will exert a force Fz following the gas law 


Fy, =nkT. (8) 


When the molecules are packed as closely as in the ordinary expanded 
film, we should, by the analogy with the b term in the van der Waals equa- 


tion, write 
F,(a— a) =kT (9) 


where a, is the area per molecule for a highly compressed film. 
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Furthermore, the analogy with the equation. of state for gases would sug- 
gest that when the film is compressed sufficiently, attractive forces between 
the active groups would come into play and that these might be largely re- 
sponsible for the small spreading forces observed with some contracted films. 
In any case, however, we may place | 


Vio Yew ee 7 (10) 
and thus from Equation 7 we get 
Fa aes pas ee be ae (11) 


For very low compressive forces we may neglect the attractive forces be- 
tween the heads and thus by combining Equations (11) and (9) we get 


(F — Fy) (a—a) = kT (12) 


as our equation of state for expanded films. Here Fy is used as an abbrevia- 
tion for the three y terms in (11). so that 


Fo = Yw — Yr — Yrw- (13) 


Thus we see that we should not expect the simple gas law of Equation 6 to 
hold for expanded films, but such a law should hold only after constants Fo 
and a, have been subtracted from the observed values of F and a. 

Examination of the experimental data on expanded films in my 1917 paper, 
and in Adam’s papers, shows that the agreement with Equation (12) is very 
satisfactory. For large compressive forces deviations occur which are of the 
kind that are to be expected as a result of attractive forces between the heads 
of the molecules.* For example, Adam’s curve (in this 3rd paper) for a 
film of myristic acid on water at 32.5° C. gives the equation 


(F + 13) (a—18) =kT 


The value of a is thus 18. A? while Fy has the value —13 dynes per cm. 

Let us compare this value of fy with that calculated by Equation (13). 
For water at 32.5° the free energy (surface tension) yw is 71.0 dynes 
per cm. The interfacial free surface energy Yrw of octane is 50.4. Since 
the temperature coefficient 1s very low the total interfacial energy is about 
the same as the free energy. Our theory of the structure of the interface 
leads to the conclusion that the total energy is independent of the length of 
the hydrocarbon chain and since in this case the free energy and total energies 
are nearly the same the free energy will also be independent of the chain 
length. Thus for tetradecane (the hydrocarbon corresponding to myristic 
acid) we may put Yrw = 50.4. 

The free surface energy of octane at 32.5° is 20.4 and the total energy 
is 48.4. For tetradecane the theory indicates that the total energy will also 
be 48.4. The free surface energy is a linear function of temperature and 
becomes zero at the critical temperature. Taking the critical temperature of 


tetradecane as 680° K. we can thus estimate that the free surface energy at 
32.9°C, sshonlds be226.3: 


These values. for the y's give fo=-+-.0.2 for, octane and) 2, 
dynes per cm. for hexadecane. This latter value does not differ greatly 
from that calculated from Adam’s data on the myristic acid films (#5 = — 13). 


* A fuller analysis of the experimental data on expanded films will be made in connection with 
a_paper which is being prepared for the 8d Colloid Symposium to be held at the University of 
Minnesota in June, 1925. See 8rd Colloid Symposium Monograph (Chemical Catalog Co., 1925). 
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The difference is not greater than should be expected because of the uncer- 
tain part played by thermal agitation in the spreading of surfaces. 

According to Equation (12) with negative values of Fo, the expanded 
film should not expand indefinitely even if the compressive force F is made 


negligibly small. Placing F =0 we see that the maximum area covered per 
molecule will be 


kT 
au = A — tan (14) 
For the case we have considered where ay = 18 and Fy = — 13, we obtain 


@u = 18 + 32.3 = 50.3A? as the maximum area for an “expanded film” of 
myristic acid on water. This equation shows that the maximum area ay de- 
pends principally upon Fy. By Equation (13) we see that Fy is the differ- 
ence between two relatively large quantities which are nearly equal. A very 
small percentage change in yp causes a relatively large change in Fy and 
therefore in ay. As a matter of fact Adam finds that ay varies only 
moderately for different substances. As the length of the chain increases 
he finds a slight decrease in a@y and considers this a strong argument against 
the view that the molecules tend to lie flat if they have sufficient room to 
do so. We have seen, however, by our comparison of octane with tetra- 
decane that yg and therefore — FF, increase with the length of the chain, 
and therefore by Equation (14) ay should actually increase as the chain 
is made shorter. The changes in ay observed by Adam may be accounted 
for by very small percentage changes in yr. 

Another factor which may need to be taken into account is that the value 
of yz for the CH; groups at the ends of hydrocarbon chains (particularly 
noticeable in iso-compounds) is about 10 per cent lower than for the CH, 
groups constituting the central portions of the chains. Thus as a film becomes 
more expanded the value of yz increases, tending to make the equilibrium 
of such a film more stable. Of course an expanded film can be dealt with by 
equations of the type we are now considering only as long as the upper sur- 
face forms a continuous hydrocarbon surface. The area of such a film is 
thus limited to that given by the molecules when they lie flat in the surface. 

This theory of “expanded films” requires that the molecules remain in 
contact while Adam concluded that in such films the “molecules become 
separated and move about independently on the surface’ and that “there are 
spaces not covered by molecules.” Adam considered that the molecules of 
the film behaved as a two-dimensional gas while we conclude that it is only 
the heads of the molecules that behave in this way. 

It is hoped that the illustrations given in this paper have helped to prove 
the usefulness of the conception of separate surface energies for each of 
the different parts of complex molecules. It is believed that this view- 
point is applicable to:the study of nearly all the physical properties of 
organic compounds, particularly to the calculation of the vapor pressures, 
solubilities, viscosities, and surface tensions of liquids and their mixtures. 
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Physics, Chemistry and the Colloidal State 


By Dr. W. KopaczewskI1, Paris * 


From the very outset of investigations on the colloidal state, there has 
been a tendency to regard reactions occurring between colloids and foreign 
substances as being governed by chemical laws, even admitting that the col- 
loidal state is characterized by distinctly individual and novel properties. Hence 
arose the expression “Colloid Chemistry.” It is still used by certain authors 
now when physics is encroaching upon chemistry, in order to make it possible 
to fathom the nature of chemical reactions and to apply exact methods at a 
time when a particularly interesting and important new science—Physical 
Chemistry—was making more and more striking advances. 

Thus there were undertaken innumerable investigations whose object was 
to determine the physical constants and the chemical composition of colloids. 
ee all these investigations are obsolete, because they reached no concordant 
result. 

By way of illustration we might recall the numerous attempts to deter- 
mine the molecular weight of colloids. Considering the resulting figures, so 
discordant that they varied, according to author or preparation, as one to a 
hundred (glycogen from 1,600 to 200,000), it is evident that the chemical 
methods used in determining molecular weights are useless when applied to 
colloids.t 

We might add that practically the same is true with regard to the osmotic . 
pressure of colloids. 

Nevertheless, we see from time to time attempts to subordinate colloidal 
reactions and the properties of colloids, solely to the laws of classical chemistry. 
Grimaux, Wyrouboff, Nicolardot, Reychler, Wo. Pauli, Jordis, J. Duclaux and 
others have striven to prove that the colloidal micell is ionized, and that all 
reactions, occurring between the micell and reagents, are only classical chemi- 
cal reactions. . . 

The ideas of these authors have not been favorably received by scientists 
specializing in this field, nor have they been closely examined. This is a 
mistake; for among their conclusions are some that should be known. Fur- 
thermore, rigid analysis always permits us to fortify ourselves against the 
fallacious premises of certain methods supposed to be rigorous, and to take 
a just measure of many apparently convincing theories. Quite recently two 
scientists, S6rensen and Loeb, have advanced in favor of the chemical theory 
of colloids, views that should be closely examined. In order that we may 
have a clear idea of their experiments, let us consider, first, the ideas above 
referred to. 


* Translated by Jerome Alexander, | ’ 
+ Among the causes of these disparities were neglect of such factors as degree of purity, freedom 


from electrolytes, H ion concentration, etc. 
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Views of E. Jordis. 


A general and very complete outline of this question was given by Jordi 
in 1904. He started from the following assumptions: (1) aqueous solution 
are very complicated mixtures of numerous substances; (2) the occurrence 
of a reaction is not dependent upon the absolute quantity of an ion, but upot 
its presence; (3) every chemical equation contains numerous hypotheses 
mainly that all constituents concerned in the reaction are connected by con 
ditions of equilibrium. 

With the case of a solution of CuSO, in water, we have: 


Cus©, = Ca’ -- SO 
Water may give rise to two reactions: 
(la Cu = HOH? =O Ca aie 


(2 ee + H+OH- 2 HSO,, OH- 
) 1SO,- + HOH: @ SO, + Ht 2 HSO, 


and in accordance with dissociation, other combinations may occur. 

The second assumption made by Jordis and later taken up by Duclaux 
is the necessity of the presence of foreign ions for the stabilization of colloids 

Considering the variety of chemical reactions which occur even with solu 
tions of electrolytes, it is no wonder that with substances infinitely more 
complicated, as are colloids, their mechanism and nature should quite escape 
us. Being a cautious experimenter, Jordis emphasized the fact that in col. 
loidal reactions, and particularly in flocculation, other phenomena played ¢ 
role: the electric charge of ions, their valence and surface phenomena; tha’ 
is why only nondissociated substances are inactive. 

Finally, he himself pointed out the difficulty of explaining everything by 
chemical reactions, and the phenomenon of periodic flocculation remained ar 
enigma to him. 

In short, in promulgating his hypothesis Jordis well appreciated that it 
did not agree with all the facts then known, and he agreed rather with the 
statement of Graham: 

“There are no abrupt changes in nature, and the division between different 
classes is never absolute.” 

Of a much more chemical nature are the views of the successors of Jordis 
Wyrouboff, Nicolardet, Reychler, J. Duclaux and others. 


Views of J. Duclaux. 


Among these, J. Duclaux is most trenchant and typical. Knowing that 
electrolytes differ among themselves, imagine the diversity with colloids. After 
opposing in very strong terms those authors (Zsigmondy, Perrin, Smoluchow- 
ski, Einstein), who regard the size of micells as the essential characteristic 
of the colloidal state, and who consider surface tension and electric charge 
due to contact, J. Duclaux, without giving irrefutable proof, advances the 
opinion that colloids composed of micells of uniform size, such as colloida 
gold, albumin or ferric hydroxide, have not the same physical and chemica 
properties; whence he deduces that in these cases the constitution of the 
micells ought to be different. 

This opinion is quite inaccurate. We know the difficulties encounterec 


PHYSICS, CHEMISTRY AND THE COLLOIDAL STATE 549 


by physicists in trying to obtain hydrosols with micells of uniform size; even 
the meticulous experiments of Perrin on the hydrosol of gum gamboge did 
not in this respect satisfy Smoluchowski. 

_ _In studying the structure of the colloid micell, the supporters of the chem- 
ical view quite naturally address themselves not to natural organic colloids 
whose composition is absolutely unknown and whose study is therefore very 
difficult, but to synthetic colloids. On studying the formation of colloidal 
arsenic sulphide, and especially of copper ferrocyanide and ferric hydroxide, 
_ they concluded on the basis of analytical results, that the reactions are not 
what had been heretofore supposed. 

Thus, to effect total precipitation, we do not need 2 molecules CuSO, for 
1 molecule of KyFe(CN )¢, but only 1.7; the precipitate formed actually con- 
tains 1 molecule of Cu,Fe(CN), + 0.18 K,Fe(CN).; furthermore the iron 
in this mixture does not exhibit its usual chemical reactions. In the case of 
arsenic sulphide, the precipitate contains sulphur. 

From the experiments of Linder and Picton (As.S;) and of J. Duclaux, 
it was concluded that the mixtures thus formed could not be mixed salts, since 
the constituents are masked, and that it was not a case of mechanical entrain- 
ment because in the case of As.Sz neither the sulphur nor the hydrogen nec- 
essary to satisfy the two valences of the sulphur attached to the precipitate, 
betrayed themselves in the resulting colloid by the odor of hydrogen sulphide! 

Apart from this last reason, which we consider very unconvincing, we 
must recall that where metallic salts are precipitated by H.S, oxidation always 
causes the formation of sulphur, as every analyst knows. This sulphur is 
evidently not ionized, wherefore its two free valences are not saturated by 
hydrogen. Hence, to put it most strongly, we see in the case of the forma- 
tion of colloidal AssS, a fixation (let us temporarily use this term) of sulphur. 

With reference to the presence of foreign substances in the other colloids 
studied, we must emphasize that the ferric chloride fixed by the micells of 
ferric hydroxide, can be almost entirely removed by dialysis. Furthermore, 
the amount of a substance fixed by a colloidal micell varies from one case to 
another, depending on the conditions of the experiment. We by no means 
consider that there is justification for the conclusion of the defenders of 
the chemical view—as we have seen, nothing warrants their statement that the 
nascent colloid combines chemically with substances in the surrounding 
medium. The only fact proven is that the particles of a colloid often con- 
tain foreign substances or impurities; but there is no theoretical difference 
from the case where a metal is dispersed by purely mechanical means, with- 
out the intervention of secondary substances. J. Duclaux seems to ignore the 
fact that quite a few colloids have been prepared in this manner, and the 
work of Plauson indicates that all solids may be dispersed mechanically. 
Therefore, unless we assume a formation of metallic oxides at the expense 
of atmospheric oxygen, which would be a very far-fetched scientific argument, 
the presence of a foreign substance in a colloid is not theoretically necessary.* 

These arguments, however, were also used by Jordis. “The water used 
by Bredig was kept in a crystallizing dish open to the air; it therefore con- 
tained impurities. As we know the pure metals had to be cast, and were 
therefore in contact with gas, and they absorbed gas as earlier investigations 
have shown. Besides, they contain carbon. The electrodes are handled to 
bring them into contact, and take up traces of animal and organic matter con- 


* They increase the stability of the colloid, and add to its life. See also papers by von Weimarn, 
Utzino, and Hagiwara, in this volume. J. A. 
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ducive to the formation of sols. Now when the current is switched on, it not 
only pulverizes the cathode, but it also electrolyzes the water, conducts alkalis 


ta the cathode, oxidizes organic matter, etc. . . . Furthermore, in the water 
are oxygen and nitrogen which, even with weak currents, give nitrogen-con- 
taining acids. . . .” The proof that such substances exist, Jordis found in the 


growth of fungi on electrosols, which was noted by Bredig, and in their 
stabilization by traces of alkali! Without, however, denying the fact of their 
presence, this is no argument to prove that these impurities, homeopathic at 
most, are of any use or indeed a necessity. 

The proponents of the chemical hypothesis, disregarding this basic fact, 
then ask what role we must attribute to the impurity always present in colloids. 

“There are two ways of handling this impurity. We may neglect it, 
assuming that it plays no role. Or else we may assume that this same im- 
purity in reality plays an essential role; it is the sole active part of the colloid, 
the balance being merely a mass of inert molecules.” (p. 88.) Tertia non 
datur. And here are the accumulated proofs. 

In the first place consider the phenomenon of coagulation (gelification) of 
colloids, especially the examples studied by Graham (silica) and Malfitano 
and Duclaux (ferric hydroxide). We see that on dialyzing these colloids the 
fixed impurity is eliminated, but at the same time the micells increase in size, 
the colloid becomes more susceptible to coagulation by electrolytes, and the 
changes suffered by the influence of physical agents (temperature) become 
irreversible. 

We might observe that the facts stated are not general. Dialysis does not 
always make colloids labile; thus the colloids made electrically are quite re- 
sistant to dialysis, and better still, the presence of electrolytes makes them 
labile. Further, if the presence of electrolytes is sometimes necessary for the 
stability, or even for the existence of a colloid, there is never the necessity 
of having one certain electrolyte; and, along this line of thought, no one 
denies the importance of the electric sign of the stabilizing electrolytes. 
Finally, the recent work of Sorensen, Loeb and others, has shown that, at 
their isoelectric point (singular or plural), certain colloids have their physical 
properties most suppressed, and that their stability is then very slight. From 
the facts stated only the following conclusion can be drawn: Sometimes, certain 
colloids demand the presence of an electrolyte to insure their stability. 

Upon the basis of the researches of Linder and Picton, of Nicolardot and 
of Bechamp, J. Duclaux claims that on coagulation, the impurity fixed by the 
colloid leaves it, and is replaced by the coagulating substance “in equivalent 
quantity.” He extended these experiments, studying the coagulation of ferric 
hydroxide; and generalizing from these three cases, drew the conclusion that 
coagulation is a chemical reaction between the impurity fixed by the colloid 
and the coagulating substance. 

Here J. Duclaux forces the facts extremely. In the first place, does his 
method admit of strict conclusions? By no means. What is this method? 
A colloid is analyzed quantitatively and ultrafiltered; and the ultrafiltrate is 
analyzed. Now this ultrafiltrate is far from representing the intermicellular 
fluid, for the phenomenon of adsorption by the membrane is without doubt 
a factor in ultrafiltration, as has been shown by Malfitano and Lottermoser, 
notwithstanding statement of Bachmann to the contrary.* Then the colloid 
is coagulated, and the preceding analyses are duplicated. The value of these 
analyses is doubtful. In the first place, if the author had ultrafiltered even 

* See also H. Bechhold in this volume. J. A. 
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1 liter of gelatinized ferric hydroxide, he would be using a quantity contain- _ 
ing only centigrams of the substances sought (1 mol Fe,Cl,-+ 70 mol Fe,Os, 
that is about 5 per cent) ; furthermore, ultrafiltration of a gel is quantitatively 
a very uncertain operation. 

And even assuming that the results obtained are correct, we would be con- 
fronted by a most curious chemical reaction. Indeed, according to Duclaux 
himself, a colloid may be coagulated by any electrolyte or even by non-elec- 
trolytes, and in the coagulated colloid the first coagulant may be replaced by 
others. Thus, according to Linder and Picton, if As.S; is flocculated by 
a barium salt, this can be replaced in the flocculate by a calcium salt; better 
yet (to eliminate the question of valence in these replacements), if a sol of 
this colloid is precipitated by Co ions, these may be replaced by Ca; if.by a 
Ca ions, these may be substituted by cobalt ions. 

J. Duclaux coagulated a copper ferrocyanide hydrosol by one molecule of 
CuSO,, and the precipitate contained 100 atoms of Cu. Perrin points out 
that on coagulating As.S; hydrosol with lanthanum, the coagulum contained 
1 atom of lanthanum to 425 atoms of As (p. 69). He therefore asks: “shall 
we admit for instance that we have a definite compound, containing over 400 
atoms of arsenic to each atom of lanthanum? ... Furthermore, if this use- 
less and complicated hypothesis were not withdrawn, its rejection would be 
forced if it were shown that the composition of a coagulation can vary in a 
continuous manner.” (p. 71.) This has been definitely proven. 

The supporters of the chemical theory have themselves found many diffi- 
culties in their line of argument. “In any event,” said Duclaux, “‘it is re- 
markable that the molecules of As,S; do not take part in anything” (p. 98) ; 
then, contradicting himself (p. 33), he considers that coagulations of colloids 
“are evidently far removed from crystalloids, and resemble but slightly chem- 
ical reactions observed in true solutions: for there we would have only those 
specific precipitations on which analytical chemistry is founded.” 

We are entirely of this opinion, and that is why we cannot follow J. 
Duclaux when he regards coagulation as a chemical reaction, and we do not 
believe that the formule he proposes (nAs2S3, +H) in order to illustrate the 
reaction in colloidal coagulation, can be accepted by a single chemist. 

However, it must be added that other arguments are advanced in favor 
of considering the colloid micell as an ionized body: these are experiments 
on the electric charge of colloids, their conductivity, and their osmotic pres- 
sure. The answer to these is quite simple. Thus the charge of colloids 
may originate from other causes than ionization of the micell; and the fact 
that suspensions carry a charge and that water is displaced by a current when 
it traverses capillary tubes are demonstrations of it. The phenomenon of 
electrification by contact, which no one denies, is lost sight of by J. Duclaux. 

The auto-conductivity of micells is very uncertain. It is of the order of 
10-°, and is estimated as the difference between the conductivity of the colloid 
and that of the liquid obtained by ultrafiltration, just as though the collodion 
membrane took no part in this ultrafiltration. Besides considerable varia- 
tions occur in the conductivity of water upon storage in flasks, and this fac- 
tor involves appreciable causes of error as has recently been shown by Lasseur 
and Girardet. The author regards this procedure as “a rigid method,” but 
himself is of the opinion “that it is not absolutely rigorous.” (p. 109.) 

As to the method employed by J. Duclaux to determine the osmotic pres- 
sure of colloids, the neglect of hydrostatic pressure, the employment of the 
ultrafiltrate as external liquid, and the omission from consideration of other 
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sources of error such as inequality in the permeability of two colloidion sacs, 
and notwithstanding maintenance of experimental conditions, the slight pres- 
sures observed (centimeters); the variation of this pressure with different 
samples of the colloid (p. 208)—all these subvert the rigorousness of the 
determinations. 


Views of S6rensen. 


Certain authors sometimes invoke the researches of Sorensen to support 
the chemical view of the colloidal state. Let us see if this is permissible. 

S. P. L. Sérensen set out to conduct researches on organic colloids with 
extreme precision, and in this he has fully succeeded. This precision, abso- 
lutely necessary to rigorous conclusions, was directed first to the purity of 
products, and then to the experimental method. No exception can be taken: 
the product was pure, crystallized; the experimental method (measuring ionic 
concentration, and above all measuring osmotic pressure) irreproachable. 
Consider the conclusions of this author. You will find no bias, no exaggera- 
tion, but the simple and logical statement of facts. What are these facts? 

Firstly, the product obtained by Sorensen—egg albumin crystallized in 
presence of ammonium sulphate—“always contains a fairly large amount of 
ammonium sulphate” (p. 597) ; “dialysis cannot remove all this salt and there 
always remains about 1 per cent” (p. 599); “what is worse, the two com- 
ponents of this salt, ammonia and sulphuric acid, do not remain in equivalent 
quantities” (p. 600) ; “it is possible to eliminate only one of them” (p. 600). 

Regarding the physical properties of this colloid, the main fact pointed out 
by Sorensen is the importance of the concentration of H* ions, and particularly 
of the isoelectric point; further, the constancy of its properties, a quantitative 
constancy found in products of different origin, of different ages, etc., but 
under the express condition that you work under definite conditions of ionic 
concentration and content of sulphate of ammonia. Thus the osmotic pres- 
sure is always the same (46.8 cm. of water) with all the products, providing 
there is always 15.6 per cent of ammonium sulphate per gram equivalent of 
nitrogen per liter, and in addition the H ion concentration is 13.0 & 10°°. 

Some authors are inclined to see here proof of the rigorous constancy 
of composition on the part of colloids, instead of a disconcerting manta pet. 
But on mature consideration it is easy to discover in an argument like this 
the following deductive error in the facts pointed out by Sorensen: the rigor- 
ous constancy of the properties of a colloid is not involved, but the constancy 
of these properties under certain conditions. ‘The syllogistic error is a fla- 
grant one. 

And no one would claim that there is an analogy between the physical prop- 
erties of any salt, such as its solubility (which is always constant even in the 
presence of small amounts of foreign substances), and the solubility of the 
colloid studied by Sorensen, in which a 7 per cent variation of ammonium 
sulphate reduces the solubility 15 per cent. The constancy of composition 
and chemical individuality of a colloid will be proven when colloids of differ- 
ent origin, age, etc., are shown to have the same solubility, the same osmotic 
pressure, the same H ion concentration, etc., just as is the case with organic 
substances—alkaloids or glucosides obtained from various plants, to take the 
most complicated cases. 

Apart from this general conclusion, Sdrensen’s researches do not solve 
the question as to whether colloids have an osmotic pressure or not. Indeed 
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with a hydrosol of crystallized albumin containing about 1 per cent of am- 
monium sulphate, it is not known if the observed osmotic pressure is nothing 
but that of the electrolyte. 

To conclude, Sorensen’s researches once more prove that it is sometimes 
impossible to free certain colloids from foreign ions, but these ions are fixed 
by the colloidal micell in non-equwalent quantities, and what is still worse, 
that we can get rid of one of these ions, which may be arbitrarily chosen. 

Sorensen himself drew the following conclusion: “I willingly admit 
that (for the solutions studied) it is possible that there are involved phe- 
nomena of a purely physical kind, whose explanation must be sought in the 
colloidal nature of the solution studied” (p. 594). 


Views of J. Loeb. 


Let us now examine the work of J. Loeb, which seems to carry new argu- 
ments in favor of the chemical view.* 

J. Loeb’s researches deal with the colloidal properties of proteins, especially 
of crystallized albumin, casein, and gelatin. This shows that the path fol- 
lowed by the American biologist is the reverse of that followed by Linder 
and Picton, Jordis, Malfitano, etc., and at once a primary objection comes to 
mind: is it possible to draw satisfactory conclusions on the basis of researches 
with indefinite substances, varying from one sample to another? It is hardly 
likely, as is obviously shown by the obscure points it is impossible to clarify, 
e.g., the variations in the osmotic pressure of gelatin under the same H ion 
concentration and experimental conditions (p. 235). The importance of the 
purity of a colloid, which had not escaped Sorensen and others, was put aside 
by J. Loeb. ; mint 

But let us follow his conclusions step by step. At the very beginning 
he wished to prove that powdered gelatin, crystallized albumin, and casein 
in aqueous dispersion, fixed neither anions nor cations at the isoelectric point 
(pH = 4.7) ; and on the other hand that above this concentration only cations 
could be fixed, and below it only anions. This fixation follows the law of 
valence. 

This statement is nothing new; from the work of Hardy, Hofmeister, 
Pauli, Michaelis, Dhéré, Rona, and many others, we know that at the neutral 
point gelatin and proteins are amphoteric, are slightly reactive, and are most 
unstable. Sorensen and Michaelis have introduced, in place of the idea of 
neutrality, the apparently more strict expression of “isoelectric point.” Apply- 
ing these ideas to the systemic study of the three substances mentioned, 
Loeb tries to revise many facts which are considered accurate (Hofmeister 
series, etc.).t But from these experiments Loeb particularly draws the con- 
clusion that the fixation of foreign substances follows the law of valence 
and also all stoichiometric laws. 

Several limitations to this generalization were brought out by J. Loeb 
himself, in the course of his argument. 

To begin with, certain acids have a peculiar action, acetic acid, for ex- 
ample (p. 59); the action of bases shows no preliminary difference between 
mono- and polyvalent ions, but this difference appears beginning with a 
pH = 8.5 to 9.0 (pp. 60 to 61). Here then is a first restriction; the réle of 


* See Revue generale des Sciences, 33, 610 (1923), for a review of J. Loeb’s theory by W. 
a S ski. hm v3 
Kon aoe paper by L. Michaelis, this volume, p. 471. dio 2% 
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valence is not general, and we are confronted with a specificity of a different 
kind. 

It is furthermore surprising to see J..Loeb try to subordinate the facts 
above mentioned to the law of equimolecular proportions. He himself cites 
three very divergent determinations of the molecular weight of gelatin * (768— 
Procter and Wilson; 839—Wintgen and Krueger, and 11,800—Dakin), and 
chooses that which best agrees with his views! As an additional safeguard 
he includes filtration experiments, which are far from being quantitative either 
methodically or in result, and concludes that “the quantities of acids ard bases 
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Fic. 1.—Curves showing the properties of gelatin on both sides of the isoelectric 
point (after J. Loeb). 


that combine with proteins, are identical with those which combine with 
crystalloids. Or in other words, the forces ... are purely chemical... 
valences ant p. 0.) ; 

Referring to the restrictions and the exceptions we have pointed out, we 
think that this conclusion is not warranted, and that, apart from technical 
objections to which we will later refer, the only justified conclusion is the 
following : 

The amounts of acids and bases fixed by the proteins studied, depends on 
the H ton concentration, and seems to be influenced by the valence of their tons. 


* On thi uestion . Alexand « 
Gelatin,” 1923." ; eae! exander, Am. Chem. Soc. Monograph No. 11, on “Glue and 
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_ To resume: at the isoelectric point not only is the reactivity of the colloids 
in question least pronounced, but so are all their physical properties, such as 
viscosity, Osmotic pressure, swelling, electric charge, labilization of their neu- 
tral salts, and their stability. 

This statement is open to two types of objections. Firstly, objections to 
the technic. It must be emphasized that the materials used by J. Loeb were 
not pure and completely free from electrolytes. This has been done, how- 
ever; for example, Ch. Dhéré has purified gelatin to such an extent that its 
electrical conductivity is a nominal. Further C. R. Smith and Miss Field 
have recently described a simple method for completely eliminating electro- 
lytes from proteins. 

This presence of electrolytes was not, however, of material importance 
in the foregoing experiments. It is quite different in measurement of osmotic 
pressure, electric charge and flocculation, where the presence of these sub- 
stances may markedly alter the experimental results.. 

The following objection concerns the experimental technic: except in rare 
instances, J. Loeb bases his arguments on experiments with concentrations 
in the neighborhood of the isoelectric point. Now, his own curves, from 
their shapes, strongly suggest a continuation of these researches, and seem to 
predict that certain conclusions of the author are at least premature.* 

Finally, the experimental method of J. Loeb is at times quite rudimentary: 
along with an exact physical method, the determination of H ion concentra- 
tion, the author measures viscosity with the capillary tube of Poiseuille- 
Ostwald, a method shown to be inaccurate by the researches of Scarpa, Hess, 
Rothlin, etc.; besides which he sometimes determines the viscosity of semi- 
gelatinous substances (pp. 206-7). In determinations of osmotic pressure he 
takes no account of hydrostatic pressure, variations in permeability of col- 
lodion membranes, etc., errors which we have emphasized in considering the 
researches of J. Duclaux. The degree of swelling is determined by simply 
observing the volume (p. 78), instead of using apparatus like that of Posnjak. 
And sometimes the experimental inaccuracy is disquieting: e.g., measuring 
the extent of solubility of gelatin by determining differences of two volumes 
or two weights, before and after filtration. 

We must add that experiments on powdered gelatin suspended in water, 
involve an unbalanced external phase, for it seems to us that solid powdered 
gelatin, even at 15° C. is not solid, but already is swollen in a more or less 
pronounced manner. This did not escape J. Loeb, when he warns against 
exceeding a temperature of 20° C. for “then the gelatin dissolves rather 
“quickly” (p. 153). Better yet, a striking confirmation of this objection 
appears from J. Loeb’s own experiment, especially the curves showing the 
viscocity of gelatin in function of time (p. 214, Figs. 57 and 58). | 

If, despite these objections involving principles, the results obtained by 
J. Loeb seem to be concordant, that is no matter. Every one of his curves 
has a different point of inflection, after having attained an optimum of all 
the physical properties referred to above. By combining several curves, we 
have in 1922 suggested the idea that J. Loeb’s statement that colloidal. prop- 
erties are at a minimum at the isoelectric point, is perhaps premature. Figure 


1 gives these curves for gelatin. ' 
There is no reason for not supposing that by extending these researches 


* This was done by W. A. Hoffman and R. A. Gortner; and beyond the limits py, = 2.5 and 
py = 10.5 the results were quite different from those found by Loeb. See Second Colloid Sym- 
as Ns 


posium Monograph, 1925. J. A. 
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with additions bringing us still further away from the isoelectric point, we 
mary reach other points of ionic concentration where the properties of colloids 
are also a minimum. In fact no one should overlook the production of periodic 
fiocculations and coagulations of colloids by increasing amounts of flocculat- 
ing or coagulating reagents. This phenomenon * has been thoroughly studied 
by Freundlich, Bechhold, Neisser, etc., on inorganic colloids, by Eisenberg 
and Volte on the agglutination of typhoid bacilli, and by Vernes and Douris 
on the flocculation by sera of various inorganic colloids or fine organic 
suspensions. 

Therefore the only conclusion permissible from the experiments of J. Loeb 
is the following: The physical properties of colloids, such as osmotic pressure, 
viscosity, swelling, electric charge, and power to fix various substances, as well 
as their stability, depend on the H ion concentration. The future will show 
whether, apart from the isoelectric point, there are not other points where the 
properties also pass through a minimum. 

J. Loeb studied the role of neutral salts on the physical properties of the 
organic colloids mentioned, and reached the same conclusion as on the subject 
of acids and bases, that is, that the physical properties of colloids are influenced 
by the valence of the reacting ions. There are numerous irregularities here, 
more so than with acids and bases. Thus all the experiments with gelatin show 
but a distant relation to the two other colloids (p. 71) ; swelling experiments 
show exceptional behavior with acetic acid and monovalent bases (p. 80) ; the 
swelling of gelatin is less marked in alkalis (?) than in acids, which is not 
the case with osmotic pressure (p. 81). The electric charge is also sometimes 
independent of valence; thus the drop in potential of gelatin which has fixed 
oxalate, equals that between normal gelatin and gelatin which has fixed sodium 
chloride ; in particular, the curves showing differences in potential are different, 
according to the salts used. While those of phosphates and sulphates, after 
a second descent outside of the isoelectric point, make a new ascent, the curves 
of oxalates and chlorides, after reaching an optimum at about pH = 2.2, show 
an abrupt descent without any new rise (p. 122). 

The introduction of equimolecular quantities of salts proves the secondary 
role of the valence of corresponding ions (Fig. 33). 

These and other irregularities are explained by J. Loeb as “secondary 
physical modifications of the gelatin” or as “difference in cohesion of ions in 
gels,” suppositions which, of course, explain nothing. 

To sum up, the results published by Loeb do not at all agree with the 
stoichiometric laws of general chemistry; they agree much more with the 
hypothesis of adsorption compounds. 

We now reach the culminating point of J. Loeb’s work. Believing that 
electrolytes exert the same kind of influence on all colloidal properties, it was 
but natural to seek the cause of this analogy of behavior. This he thought he 
found in Donnan’s equilibrium. 

What is Donnan’s equilibrium? When a solution of two salts is separated 
by a membrane impermeable to one ion of the electrolytes, the diffusible ions 
distribute themselves unequally on the two sides of the membrane. This un- 
equal distribution should produce a drop in potential and a difference of 
osmotic pressure. 

Suppose, for example, that a membrane separates a solution of NaCl from 
a solution of a sodium salt whose anion FR is not diffusible (it need not be 
colloidal) : 


* See paper by A, Lottermoser, this volume, p. 670. J. A. 
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In this case, NaCl will diffuse through the membrane M and distribute 
itself as follows: 
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And this distribution should occur according to the formula deduced from 
the laws of thermodynamics : 


(Na*)?(CT)? = (Nat)*(Cr)? 
Equilibrium can occur, then, only when: 
CNet CNG) Arand*( Cl) *<( CF)? 
According to Nernst’s formula,* this unequal distribution of ions should 
give rise to a potential difference: 


* (at)? ae 
m1 — x2 = 0.058 log qa 0.058 log (Cry? 


- This roughly outlines Donnan’s theory ; it includes also what happens where 
several nondiffusible ions are present. It is a recent theory: Donnan stated 
it generally in 1911; in 1914 he pointed out that phenomena did not always 
follow the theory; in 1919 in applying the theory to work with membranes 
other than copper ferrocyanide, especially to amyl alcohol, he was not very 
positive on the strict agreement of calculated results with those found. 

Can the concept of Donnan be applied to the study of colloids? Where is 
the membrane of suspensoid colloids? Can it be applied to the study of 
emulsoid colloids or of gels? Loeb, considering only these latter, reasons as 
follows : 

The colloidal micell is ionized ; it is a complex of ions and molecules which 
is not necessarily ionized; when a colloid, like gelatin, is separated from its 
intermicellular liquid by a collodion membrane, a potential difference appears 
between the two sides of the membrane. Gelatin not being diffusible through 
the membranes, a Donnan equilibrium should exist. Experiment actually 
shows that it is possible to explain by the laws of this equilibrium, the appear- 
ance of the electric charge as well as the influence of neutral salts and H ion 
concentration on this potential difference; it is therefore probable that this 
equilibrium ought to explain not only osmotic pressure, but also all the physical 
properties of colloids, granting the similitude of the actions of different factors 
on these properties. Donnan’s equilibrium thus becomes Deus ex machina for 
the fundamental properties of colloids (p. 285). 

J. Loeb’s logical sequence is not correct. In the first place, as we have seen, 
nothing justifies admitting the chemical nature of the micell. The laws of the 
Donnan equilibrium may explain the potential difference produced by the 
presence of a membrane between a colloid and a diffusible liquid: but will they 
apply when the membrane is absent ? 


* Regarding the failure of the Nernst formula, see L. Michaelis, this volume, p. 471, where the 
Donnan equilibrium is also discussed. : 
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J. Loeb tries to prove this is so. The results with gelatin are subject to 
limitations (Tables XVI and XVII, pp. 136 and 134), so that the author him- 
self is forced to say that there is not a quantitative agreement between the 
observed and the calculated results. But strictly speaking, it might be admitted 
that the Donnan equilibrium dominates the distribution of ions with a solution 
of gelatin separated from a diffusible liquid by a collodion membrane. J. 
Loeb, however, makes a salto mortale in applying the concept of this equilib- 
rium to the suspension of gelatin in water, which he considers as a true 
suspension, dropping the swelling from consideration, small though it be 
(it cannot be neglected even at a low temperature), and eliminating the 
membrane. 

He reasons as follows: the essential thing in the Donnan equilibrium is 
the non-diffusibility of an ion, no matter what the cause of this may be. When 
a membrane separates two liquids, the equilibrium is governed by its non- 
permeability ; in the absence of a membrane, cohesive forces may retain an ion 
and prevent it from diffusing (p. 152). 

The logical error in J. Loeb’s ratiocination consists in thinking that “to be 
prevented from diffusing” and “to be unable to diffuse even tf free’ mean the 
same thing. The difference is not an unimportant one. Many forces may 
weaken cohesion, free an ion prevented from diffusing, effect its diffusion, 
and abolish Donnan’s equilibrium. 

~The experimental error of J. Loeb makes itself evident by considering a 
suspension of powdered gelatin in water at 15° C. as a suspension of solid 
particles like kaolin, animal charcoal, or a metal electrosol. We have empha- 
sized that it must not be forgotten that gelatin swells in the cold. Then, 
strictly speaking, the external layers of the swollen particles of gelatin may 
be compared to a membrane separating them from the external liquid. Loeb 
admits this (p. 279). Here perhaps is the origin of certain analogies between 
the observed potential differences here and those calculated on the basis of 
the Donnan equilibrium. These analogies are not quite strict, and J. Loeb 
does not explain.them satisfactorily (p. 254, Tables 24, 25 and 30). But all 
this has nothing to do with suspensions, nor with colloids whose dispersed 
phase is insoluble. In such a case the Donnan equilibrium is obviously not 
applicable; it cannot explain the electric charge on these colloids, just as it 
cannot explain the phenomenon of the transport of water, or migration in 
tubes under the action of an electric current. This is why the Donnan equi- 
librium cannot explain the numerous facts stated by Loeb, such as the appear- 
ance of a positive electric charge under the influence of trivalent anions and 
a negative charge under the influence of tetravalent anions (pp. 164-5), and 
he is forced to have recourse to an entirely new hypothesis of a “labile com- 
bination between gelatin and these ions.” 

To sum up, admitting that the Donnan equilibrium is definitely established 
in all its details, admitting the explanation, by its means, of the appearance 
of a potential difference between a colloid and a diffusible liquid separated 
by a membrane, admitting even for the sake of exactness, the application of 
the laws of this equilibrium to swelling colloidal particles, and seeing in it 
one of the reasons for the electric charge on these particles, it is, a priori, 
illogical to include suspensions and colloids whose dispersed phases are in- 
soluble, and no experimental support for this view is advanced.* 


* Recent researches of the author on electrocapillary phenomena of gels show that swelling is 
accompanied by changes in the electric potential, analogous to those seen in the vaporization of a 
true liquid. (Compt. rend. Acad. des Sct., July, 1925.) 
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From these experiments only one single conclusion can be drawn: The 
Donnan equilibrium seems to take part in the appearance of a potential differ- 
ence between two liquids separated by a membrane which forms an imperme- 
able barrier to one of them; it seems also to play a part in the presence of a 
charge on solid swollen particles. 

Having thus reached the culminating point, J. Loeb rests on his oars and 
applying the idea of the Donnan equilibrium to osmosis, viscosity, swelling, 
and to the action of neutral salts on the stability of colloids, he draws the con- 
clusion that the Donnan equilibrium dominates all these properties. 

To put it tersely, all that has already been said of the methods he em- 
ployed, especially on osmotic pressure, viscosity, flocculation, etc., may be 
applied with full force to his experiments. And in spite of all this, the results 
obtained are absolutely insufficient. 

According to Loeb himself, swelling is not controlled by the forces of the 
Donnan equilibrium, nor by the forces of osmosis as Proctor and Wilson 
would have it ; it is determined by “forces which must be different from these.” 

The influence of H* ions, of ionic valence, of salt concentration, and of the 
viscosity of the colloids studied is “in reality, the influence of electrolytes on 
the swelling of solid submicroscopic particles, the proteins contained in the 
solution” (p. 231). Granting that this swelling, according to Loeb himself, 
has nothing to do with the Donnan equilibrium, here then is viscosity apart 
from this cause. 

The flocculation of the proteins studied (coagulation as Loeb calls it) be- 
trays no connection with the Donnan equilibrium; “the forces of secondary 
valence probably play a part here” (p. 264). But that does not seem to em- 
barrass J. Loeb seriously, and he then states that the problems of gel forma- 
tion or precipitation (we would say coagulation or flocculation) are not 
colloidal problems; they form part of a more general problem of solu- 
bility (p. 284). Therefore, according to J. Loeb, there remain but two 
properties characteristic of the colloidal state: osmotic pressure and viscosity, 
just the ones we are inclined to consider as having nothing in common with 
the colloidal state, properly said. Few scientists acquainted with colloids will 
follow J. Loeb in these statements. 

To demonstrate the identity of colloids and electrolytes in all these respects, 
Loeb asks the following question: “Are proteins maintained in watery solution 
by the same forces which determine the solubility of crystalloids in water, 
or, on the other hand, by electric double layers which hold in suspension 
droplets of oil or particles of collodion?” (p. 144). What he is really asking 
here is whether proteins may be considered as emulsions, or, per analogiam, 
whether it is correct to speak of “emulsoid sols” in opposition to “suspensoid 
at then cites the experiments of M. C. Taggart on the charge of gas 
bubbles, of suspensions of collodion, and of emulsified oil droplets. Powis and 
Taggart have demonstrated that in these cases, the units behave exactly 
alike insofar as concerns the influence of electrolytes on their sedimentation. 
Loeb thus reaches the conclusion that proteins are kept in solution by action 
of the same forces as “crystalloids.” What are these forces in proteins: 
Let us distinguish in the protein molecule those groups which have more 
affinity for water than the opposite. We will call them hydrophile. If the 
forces of the hydrophile groups prevail, the oily groups (reciprocal affinity ) 
will be retained in the mass of the water. If the molecules are large and the 
oily groups few in number, it may happen that when these groups belonging 
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to two neighboring molecules come into contact, the two molecules may adhere 
without materially diminishing the force with which the hydrophile groups 
are attached to the water (p. 151). P 

Without discussing the nature of these hydrophile groups, the question 
arises as to what force brings together the “two groups belonging to two 
adjacent molecules’? Why, when they touch, do they remain stuck together ? 

These physico-chemical conceptions will not satisfy anyone nowadays ; they 
merely confirm that: “mit Worten kann man trefflich streiten, mit Worten kann 
man ein System bereiten.” But these are “Tempi passati.” Furthermore, 
Loeb cannot give explanation for the exceptions which he has brought out in 
the course of his researches: the special flocculating action of sulphate ions. 
(“The cause of this peculiar behavior remains to be established.” p. 153.) 

The experimental work of J. Loeb then warrants but two conclusions: the 
physical properties of emulsoid colloids depend on the H ton concentration; 
among these properties, that of the electric charge of the micells permits us 
to glimpse the importance of the Donnan equilibrium in tts appearance. 

These two conclusions are of prime importance; they can no longer be 
ignored. The credit for having drawn attention to them and having estab- 
lished them belongs to Sorensen and J. Loeb. These two conclusions of them- 
selves make classics of the work of Sorensen and of J. Loeb. 

But as for the balance, we consider it merely literature: the desire to 
subordinate the colloidal state to pure chemistry. It involves another con- 
clusion: in the absence of exact methods, in tgnorance of the chemical consti- 
tution of raw materials, it is premature to desire to explain everything by 
one-sided generalized theories. And if a working hypothesis is desired, it is 
the one generally recognized by all authors: the colloidal state is intermediate 
between suspensions of solids dominated by physical laws, and true solutions, 
governed by chemical reactions; the same substance may, according to condi- 
tions, be in the colloidal state (soaps in water, NaCl in benzene), or in the 
soluble state (NaCl in water, soaps in alcohol). 

The laws governing colloidal phenomena cannot, therefore, be exclusively 
physical laws, nor solely the laws of classical chemistry. To the intermediate 
state there must correspond intermediate properties and intermediate laws. 

The degree of dispersion controls these properties and these laws: the 
more dispersed a substance is, the more it approaches the state of true solu- 
tions, and the more closely its properties approximate chemical properties ; 
with decrease in dispersion there reappears the preponderance of physical 
iaws. That is why with variation in the degree of dispersion of the substances 
experimented with, we find ourselves confronted with so many chemical prin- 
ciples, and so many physical laws. And having in mind this importance of 
the degree of dispersion, we must be cautious against generalizing and building 
chemical or physical theories, which are always one-sided, and against being 
satisfied with one part of the truth, which is itself scattered amongst all. 


Views of Malfitano. 


In this physico-chemical controversy, Malfitano has taken an intermediate 
position ; a position which is apparently intermediate, for as a matter of fact 
his views are purely chemical, as we shall see. Malfitano studied persistently 
and in great detail a single colloid: ferric hydroxide hydrosol. His desire to 
remain an orthodox chemist at any cost, led him, in the interpretation of his 
experimental facts, to a series of contradictions and embarrassing impasses. 
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Malfitano has certainly pointed out the complexity of colloids, when he 
notes the difficulty of explaining reactions occurring “even in the case of ferric 
hydroxide, although this appears the most simple of them all” (paZ38,)% 
“Furthermore,” he says, “micells never consist of pure systems” Cpaeoo3)): 
That is why he is unwilling to accept either the physical view or the chemical - 
view. “Scientists who follow too exclusively one or the other of these direc- 
tions, must be forced to overlook part of the phenomena. The laws governing 
- reactions between molecules cannot be readily carried over to very large 
particles almost within range of vision. And when micells have dimensions 
approaching those of ordinary molecules, it is hard’ to see how the conceptions 
of capillary chemistry can be applied to them” (p. 552). But at the same time 
he refuses to accept “too simple a picture, which represents colloids as granules 
which are chemically inert” (p. 552), and he holds. that “not only do the 
phenomena of the colloidal state fail to subvert any of the theories of scientists 
who have founded chemistry, based on atoms and molecules, but they lend 
direct support to these theories” (p. 251). 

Nevertheless, Malfitano does not accept the conclusions of the colloid- 
chemists. As to ferric hydroxide, he does not accept the explanation of 
Grimaux, de Reychler, and others, that there is involved a condensation with 
loss of water, “because it occurs on addition of water” (p. 237): he does not 
accept the analogy between these facts and those cited by Grimaux dealing 
with the transformation of glucose, when heated with concentrated hydro- 
chloric acid, into a mass resembling dextrins but poorer in water. We may 
add that concentrated sugar solutions themselves exhibit certain behavior 
approximating the colloidal state of matter. 

Malfitano believes that J. Duclaux has only destroyed “the simple theories 
developed apart from chemical ideas, but has not been able to replace them 
with a new theory in harmony with these ideas” (p. 248). He advances sub- 
stantial arguments against the interpretations of Nicolardot and Wyrouboff, 
emphasizing the improbability of a cyclic structure in colloid micells, N either 
does he approve the views of Grimaux, according to which the aggregation of 
molecules into micells follows the model of a process of esterification by which 
two alcohol molecules unite to form one molecule of ethyl oxide (ether), be- 
cause, says Malfitano, “the bond between two chemical individuals as large 
and as heavy as visible micells, cannot be an atom of oxygen riding as it were 
tandem on both, since with the ethers where that is permissible, this bond is 
very fragile, especially in the presence of acids and water rand “this bond is 
formed only with great difficulty, when molecules are involved like those of 

ATowl (pel 37 
as Oem lelietae fashion the strange chemism of a hydrosol, Malfi- 
tano states the properties of ferric hydroxide: “Heat to 100° C. a liquid 
containing one gram molecule per liter; . . . it becomes red, cloudy, and upon 
cooling it returns to its original condition. Dilute it 10 times before heat- 
ing: it then becomes yellow, ochrous, opaque, and this modification will persist. 
Dilute this 50 times, and heat it. It becomes dark red like the concentrated 
solution; but on cooling, this dilute liquor remains heterogeneous. If we rise 
or fall in the scale of temperature, different modifications appear in the same 
order; there is a series of concentrations corresponding to each one of them. 
And still further: the solution of tenfold dilution will turn yellow if we take 
15 minutes to heat it up to 100° C.; it becomes red if we reach that tem- 
perature in 5 minutes. Other things being equal, one of these modifications 
will take the place of the other, if the liquor heated is more or less aged. To 
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the liquor which becomes red, add a little hydrochloric acid: according to its 
chlorine content, it will become yellow or brick red. The very diluted liquors 
become ocher-colored at ordinary temperature: one millionth of a gram mole- | 
cule of phosphoric acid suffices to keep them limpid” (p. 513). 
. From the preceding it is perhaps natural to ask what is this chemical view 
of Malfitano. He has stated it “with the idea of reconciling views which are 
opposed, although they are inspired by a proper understanding of the facts” 
(p. 233). But at the same time he emphasizes, “contrary to the opinion most 
generally held, . .. an essential difference between physical and chemical 
phenomena” (p. 160). This consists in the following: “Matter in the micel- 
lular state in final analysis, differs from matter in the molecular state only by 
the continuousness and greater extent of its variations. No essential distinc- 
tion exists between molecular and micells. But as micells are capable of being 
flocculated, they attain dimensions much greater than those of molecules. 
Sometimes the substance forming the micell changes with time, and without 
the occurrence of any direct reaction. The colloid is formed as has already 
been stated; but something more. The sols develop the most varied appear- 
ances. At first they resemble molecular solutions, but then become like liquids 
containing powders in suspension. I will therefore state that colloids represent 
a form in the evolution of matter between very different states. Any picture 
we wish to form of the micell, should take into consideration this evolutionary 
character” (pp. 551-552). 

Concerning the mode of formation of the micell and all its successive 
modifications, Malfitano invokes chemical affinity. He admits fully that the 
micell is a mass of molecules; he agrees that a large number of facts “and 
those of great importance” (p. 212), are to be explained by the fixation, on 
this mass, of isolated ions whose number varies with their electric charge. 
But “electrolytes do not attach themselves to insoluble masses of matter to 
an unlimited extent, and not equally to all masses. Those which are fixed, 
being ionized, will account for the charge and consequently for the individu- 
ality of the micell. But in the presence of an excess of the same electrolytes 
in the intermicellular fluid, the electrolytes fixed will no longer be ionized, 
the charge will disappear, and flocculation or sedimentation will follow. Or 
still better (sic!) one can imagine that a single Fe can fix itself on the nucleus 
of Fe(OH), molecules, the presence of other electrolytes, no matter what 
they are, will finally prevent the existence of this ion and will discharge the 
micells, Now in reasoning thus, we remove the question from the domain 
of ideas involving charge by contact to the domain involving ideas of affinity 
and valence. . . .” Nevertheless, apart from these arguments, Malfitano has 
been able to give no others for this “removal.” 

And then what a very curious affinity is that of Fe ions for a mass of 
Fe(OH); molecules ; and instead of a definite electrostatic idea (electric charge 
and its intensity) shall we prefer that of chemical “affinity,” a term, a word? 
And when Malfitano tries to prop his view with experimental arguments, he 
encounters great logical difficulties. Let us take up some of the contra- 
dictions. 

If we throw crystals of sublimed FeCl, into water, and there occurs a 
simple dispersion of matter, then, according to Malfitano, there should be a 
lowering of the temperature; on the contrary there is a rise. It is therefore 
more likely that the salt reacts with the water (p. 163). Parenthetically, we 
might remark that the phenomenon of syneresis is accompanied by the libera- 
tion of heat, but nevertheless no one ever dreams of considering it to be a 
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chemical reaction, all the more so because coagulation is not accompanied by a 
consumption of heat, as is shown by the recent work of Gayda. 

But let us continue. Malfitano admits combination by molecular addition 
between FeCl; and HO, and supposes that “there exist in these liquids multi- 
molecular units of FeCl; and nH,O” (p. 173). Then he invokes the forma- 
tion of the compounds of Bechamps, having the formula mFe,O,.Fe.Cl, in 
which one molecule of ferric chloride attaches itself to a variable number of 
molecules of oxide. We hasten to say that in 1859 this might have passed 
unnoticed: the chemistry of valences was not yet very exact. Malfitano as- 
sumes the existence of compounds whose dehydration is not yet complete, of 


the following type 
[Fe(QH)s'b CH20),]*.FeCl, 


and, further, this is one of a series of intermediate compounds, which it is 
easy to imagine on paper. “These complexes are not all molecules of compli- 
cated structure, but are molecules simply characterized by their mode of dis- 
sociation ; they form in the liquid an ion which may be called complex” . 

for instance 


{ (Fe(OH), + (HsO),)*Fe? +** 


which is balanced by Cl ions (pp. 181-182) ; and when support is sought in 
the work of Werner, we can imagine, according to Malfitano, that the complex 
ions or the chlorine is concealed ; for example the ion 


ike(OH),-— (HLO aire? ft 


In all these flights of imagination and of pen, what is the princeps movens 
for the formation of these complicated complexes? What is the why of these 
combinations and scissions? It is surely not chemical “affinity” or even 
alchemy, for here the rules of valence are woefully mistreated. Neither is it 
because of electrical laws (electric charge and its intensity). What then? We 
find no reply to this question in the hypothesis of Malfitano, And, in fact, this 
search for a chemical formula means .. . so little: even with a crystalline 
substance, how often do we ignore this formula! Thus in the case of ferric 
hydroxide this formula is most certain: in 1901 Ruff thought that it was not 
Fe,(OH), but (Fe.O3),(3H2O)m. It is evident how this formula-play is 
facilitated by this first complication, and how many other formulas can be 
conceived of. And-all this once more confirms the fact that there is conflict 
at frontiers; the greater the condensation of atoms, the larger the molecule, 
the more insufficient appear chemical laws; the size of the molecule then be- 
comes a factor and warps the results. Just for this reason, in losing the broad 
point of view and remaining in the unfruitful valleys of chemistry, Malfitano 
could not see that his particular example, ferric hydroxide, was not completely 
amenable to physical laws, as it verged toward greater dispersion, toward true 
molecular solutions as compared with that imaginary standard, “colloids.” 
That is why Malfitano’s general line of argument is correct: “there is evident 
agreement between the theory of electric charge . . . in a general sense, and 
the theory of micellular complexes, which applies to the particular case studied 
here” (p. 244) ; but his special pleading is open to question, for it shows an 
obvious tendency to demand of chemistry things it is unable to do, especially 
nowadays.. That is the reason Malfitano cannot explain wiy hydrochloric acid 
is less effeccive in proportion to the progress of the hydrolysis, a fact which he 
- himself says “has never been observed in media acknowledged to be homoge- 
neous”; why “this same acid has opposite effects, according to the conditions 
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of its addition; it may either impede or facilitate hydrolysis; it acts on the 
micells either by deflocculating or peptizing them, or by flocculating them; 
it may increase or diminish their chlorine content” (p. 209) ; why the action 
of salts on ferric hydroxide is always to impede its hydrolysis, for his explana- 
tion, invoking double decomposition between ionized micell and added ions, 
or a particular action on the chlorine ion, is evidently without any constitutional 
basis. . 

The explanation of flocculation, which Malfitano regards as the formation 
of new complexes, and not from the electrostatic or kinetic point of view, is 
one of the most edifying, with regard to complexity, involved in this problem. 

“Micells in flocculating do not necessarily change in composition... , in 
the group the Fe/Cl ratio changes but little if at all, and in any event in an 
irregular fashion” (p. 186). Where then are we to find equimolecular pro- 
portions ? 

Here are a series of complexes where the negation of chemical rules clearly 
appears: 

{fheCOb )¢o--( HO vn x Hei Claes 
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In all these deductions, Malfitano rests on his patient, meticulous and rigor- 
ous experiments. Do they, however, permit the conclusion that the micell is 
ionized? Upon reflection, Malfitano himself says no, thus showing himself 
to be a very cautious and prudent investigator: “this might lead, us to think 
that, by the methods here employed (electric conductivity, cryoscopy, ultrafil- 
tration, osmotic pressure) we come directly to a determination of the true 
physical constants of the micells, so that a way would be opened to the 
molecular composition. The mass, the velocity, the degree of electrolytic dis- 
sociation of the micells seem to me to be too variable for determination by 
these indirect methods” (p. 547). 

Regarding osmotic pressure, Malfitano emphasizes that “the membrane is 
altered, it does not remain unchanged when impregnated with a colloid. When 
used to filter solutions freshly prepared from ferric chloride, the membrane 
remains entirely uncolored. The alteration of the membrane is occult; using 
Perrin’s method of electric osmosis, I was able to prove that the colorless 
membranes have a negative charge, and that after impregnation their charge 
becomes positive. If an impregnated membrane is employed in a new experi- 
ment, from the outset the drops of liquid to come through will be red” ( p. 524). 
This is, besides, a potent argument against measurement of the real osmotic 
pressures of colloids, suggested from time to time; it explains incongruities 
in physical constants like the following: 


Fe Cl Caniscne: A 
Ferric hydroxide hydrosol (dark red).. 0.032 0.093 0.0216 0.270 
The same after ultrafiltration........... 0.008 0.089 0.0226 0.280 


We will not stop to consider other hypotheses of Malfitano, such as the 
distinction, fundamental for him, between crystalline and amorphous sub- 
stances, and between flocculation and crystallization, questions which the work - 
of Zsigmondy, Scherrer and others has rendered moot. 
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To sum up, Malfitano’s views again prove the danger of any onesidedness 
in theories regarding the mechanism of the formation and stability of colloids. 
It may perchance prevent framers of theories from falling into the error 
of forgetting, while they are generalizing from special cases, to remember 
that before comparing such cases with the properties of molecularly dispersed 
substances and suspensions, they must above all fix their place in the scale 
of dispersion. 


Views of Zsigmondy. 


Quite recently a similar theory was formulated by Zsigmondy, having per- 
haps a slight leaning toward the purely mechanical concept. 

Starting from the researches of Werner and Mecklenburg, he considers 
at the outset that it is possible to explain certain properties of colloids by the 
volume and also the form of micells. We have on several occasions pointed 
out the deliberate neglect, by Zsigmondy, of capillary forces, a fact which has 
been commented on by several authors. Granting that surface tension and 
viscosity, beyond doubt, play a capital part in the formation of colloids, certain 
conclusions of Zsigmondy regarding the form of micells appear hypothetical 
tous. We will take this up later on. We allow that Mecklenburg’s researches 
showed a difference between the properties of the two hydrosols of stannic 
acid, a and f, and the coincidence between these differences and the degree 
of dispersion. But does it follow that the degree of dispersion is the only 
dominant factor? Post hoc ergo propter hoc is not always a perfect syllogism. 
And is it also proven, as Zsigmondy would have it, that the color of a hydrosol 
depends on the separation of the primary and secondary particles or micells? 

In any event, in a general way, Zsigmondy’s ideas strongly support the 
physical idea of the colloidal state, and we cannot do better than to quote to 
adherents of the chemical theories, the following statement of Zsigmondy: 

“We are accustomed, in chemistry, to ask investigators who speak of the 
existence of a chemical compound, to give proofs of its existence, its makeup, 
and its detailed description.” 


Physical Views. 


Opposed to these one-sided chemical conceptions are the physical theories. 
Even Selmi,* the real founder of colloid science, had strongly emphasized that 
we are faced by an altogether peculiar state of matter which chemical laws 
are far from able to explain. Let us quote several passages from his works 
which point this out. sf 

“The solid particles in question, bathed in a liquid, can absorb, swell, sub- 
divide into a variety of membranes or pellicles, which are transparent, sep- 
arated from one another, or attached to one another to form a circular 
reticulum . . . scattered uniformly in the vehicle, rendering it gluey, or with- 
out changing its initial viscosity ... , thus simulating a true solution, although 
in reality it is only an extension, a suspension of particles, and not of mole- 
cules, in a liquid medium. In other cases the solid separates in soft, opaque 
globules, which is why the liquid is no longer transparent and forms an emul- 
sion” (p. 37,Dissertazione intorno all’azione di contatto). 

“The term coagulation does not mean a change of state of a compound, but 


* English translations of some of Selmi’s papers were published by the Colloid Committee of 
the British Association for the Advancement of Science in 1925, J. A. 
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a molecular disturbance (turbamento) ... we distinguish a precipitate 
albuminoid substance from a coagulated albuminoid, by the addition of a sul 
stance which produces a change of state, and we have either a re-solution ¢ 
else a totally insoluble substance.” (Annali Majocchi, Vol. 6, p. 22.) 

Francesco Selmi has also given us a clear sketch of the phenomena 
dyeing. He said: 

“We are not of the opinion that dyestuffs combine chemically with texti 
fibers. Mineral or vegetable carbon will decolorize liquids containing dye 
in solution or pseudo-solution . . . without mutual combination between tl 
molecules, because the carbon preserves its initial appearance and the dy 
may be liberated intact if we agitate with stronger solvents than simply wate 
OGalconol ca, 

. . . Chemical affinity is not involved . . . the phenomenon has its origi 
in the adhesion to which the dye particles are subjected by the surface 
the granules or particles (polviscolo) of carbon.” (Principii elementari d 
chimica organica, Torino, 1851.) 

Subsequent to Selmi, Graham emphasized the fact that the colloidal stat 
is intermediate between molecular-chemical dispersion and mechanical sul 
division, observing that between these states there should exist a series ¢ 
transitory degrees. But this physical conception was especially reinforce 
by the work of Bredig. This German investigator gave us a theory of floc 
culation which may be considered experimentally proven, as we shall see belov 

Bredig took the following view of flocculation: “A diminution of surfac 
of electro-capillary origin, which occurs more rapidly when adsorption cause 
a further lowering of the potential difference, and, in consequence, a greate 
increase of surface tension against the surrounding medium. And as thi 
surface tension should be a maximum at Hardy’s isoelectric point, my con 
ception of coagulation as a Lippmann phenomenon explains at the same tim 
Hardy’s observation that it is just the isoelectric colloids or suspensions whic 
are the most unstable and coagulate, that is diminish their surface mos 
rapidly.” 

Bredig’s views were taken up by Cotton and Mouton, then by Perrin, anc 
after having undergone a mathematical review by Smoluchowski, were expert 
mentally confirmed by Zsigmondy. It is invariably in the conception o 
flocculation that the physical theory shows up best, stressing the differenc 
between this phenomenon and chemical precipitation. Here are the ideas o 
Perrin and Smoluchowski on this subject. 

To make a beginning, Smoluchowski assumes there is an alteration in th 
spheres of attraction between micells following the introduction of electro 
lytes or colloids: this sphere of micellular attraction is in close relation wit! 
the electrical double layer of each micell; when because of Brownian motio1 
a micell penetrates into this sphere of attraction, it loses its movement an 
unites with the micell in question. The nature and intensity of this micellula 
sphere of attraction depends on the concentration of the electrolytes and th 
change in charge that they cause. Zsigmondy has shown that the radius o 
the sphere of attraction for colloidal gold equals 2 to 3 times the micellula 
radius. 

Smoluchowski then considers whether the mechanism of flocculation i 
identical with the kinetics of chemical reactions, and whether it does not lea: 
toward an explanation of chemical reactions. Smoluchowski’s answer is 
direct negative. The Polish physicist observes that with chemical reaction 
mere contact between the molecules is not enough; it is essential that they b 
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quite characteristic ; chemical reactions depend on the laws of valence, while 
in flocculation we see an indefinite agglomeration; and many other argu- 
ments. In fact if we use the theory, established and confirmed for colloids, 
we obtain values inconsistent with the velocity of chemical reactions. 

It would be easy for us to continue the experimental demonstration of this 
difference between colloidal reactions and the stoichiometric laws of classical 
chemistry. We have given, and many a time emphasized them in discussing 
the chemical views. 

Let us take them up again and complete them by several general examples. 

The solution of electrolytes and of colloids had been minutely studied by 
Selmi. ‘We quote several passages from his works which show the difference 
between these two phenomena. 

“When we dissolve the crystalline salt (Na,SO,) in an equal weight of 
water at + 50° C., pour the solution into a glass tube, cork it up hermetically 
and then cool the solution to 0° C., the salt does not crystallize; but it crystal- 
lizes immediately when the cork is withdrawn. . . .” 

“Tf a hot solution is poured into a glass flask having a long straight neck 
into which a thermometer is introduced, if the neck is hermetically sealed; 
and if during the cooling to 0° C. marks are made showing where the liquid 
is every 5° all the way down to 5° C.; and if the flask is now placed in iced 
water and opened; then the salt begins to crystallize, the temperature rises to 
+ 17.5 to 18° C., and the volume of the solution increases so that it reaches 
the mark it had at 43° C. If the flask is plunged into iced water to speed the 
chilling, the volume of the mass continues to increase despite the chilling, so 
that when the temperature reaches 0° C. the mass occupies the same volume 
that the liquid occupied at + 50° C. However on heating the solution gradu- 
ally so as to dissolve the salt, the thermometer rises and the liquid falls.’ 

Selmi then considers solution, by analogy with gases, as a dispersion of 
solid in liquid, without having recourse to a special affinity of combination, 
which shows none of the characteristic features of true chemical affinity. 
“This dispersion goes down to particles so fine and uniformly distributed that 
it is really an expansion of dispersed molecules, comparable to that of vapors 
in space . . . it is a vaporization of a solid in a liquid.” 

The liquids studied above are distinguished from true solutions for the 
following reasons: (1) because they do not lower the temperature of the 
solvent when dispersing, nor do they raise it in precipitating or crystallizing ; * 
(2) because these phenomena are not accompanied by changes of volume ; 
and finally (3) because the liquids obtained permit the separation of their 
solid matter under the influence of minute traces of indifferent salts having 
no chemical affinity with them, and acting solely by modification of the prop- 
erties of expansion of the particles. 

This is why they are only pseudo-solutions, despite their superficial re- 
semblance to true solutions. 

More recently Malfitano has also studied solution with the ultramicroscope. 
After minute observations, he considers that the difference between the two 
sorts of modifications is evident: The crystal merely “diminishes in volume, 
and nothing is seen of the fragments which must however detach themselves 
from its surface.t This is solution. ‘The pseudo-crystal, on the contrary, 
disperses completely and at once into perceptible and uniform granules which 


* Refined measurements show that this is not so. See paper by Mathews and Browne, this 
A 


a sere sodium citrate show the detachment of colloidal aggregates when going into solution. 


Alexander and Bullowa, Arch. of Pediatrics, 1910. 
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remain coherent.” The same observations were made by Fouard on starch 
and on dextrin, and he called this phenomenon disaggregation and not solution. 
Still more marked differences are found in the precipitation of electrolytes 
and the flocculation of colloids.* 
In the first place there are the two well-known disturbing characteristics 
of the flocculation of hydrosols: their reversibility and their periodicity. 
Here is a typical example of periodic flocculation of a platinum hydrosol 
by ferric chloride, according to Buxton and Teague. 


' Amount of FeCl, Added Effect Electric Charge 
OO Z0Seeerer AR Ae ee ae No flocculation Anodic 
OOSSSIR. Mucrteeiet cree iets aise Complete flocculation Amphoteric 
(ORCI Kiran Orci eto aaion onic No flocculation Cathodic 
LGs33 -Remaverectars vie Seis lepecohels ote Complete flocculation Amphoteric 


The reversibility of a colloidal flocculation has been often studied, and 
the method of Kuzel for the preparation of numerous colloids is based just 
on this reversibility of a flocculate when formed. In 1899 von Hahn, and 
quite some time previously, Senderens, described the preparation of soluble 
antimonic acid, on the basis of this reversibility. 

“When brought into contact with water after having been desiccated in 
air, antimony hydrate Sb.O;.6H.O hardly dissolves. This is not the case 
with recently precipitated hydrate, which indeed dissolves even in the cold in 
considerable quantity, provided however that every trace of mineral acid, 
which prevents solution, is removed by washing with cold water.” 

Let us recall a few other facts which support the differentiation between 
flocculation and precipitation. In the first place numerous examples demon- 
strate the action of traces of various foreign substances, without following 
the laws of equimolecular proportions. Graham has given us a great number 
of cases in point: that of alumina which was “coagulated by a few drops of 
well water and which moreover could not be poured from one vessel to another 
without gelatinizing’ (p. 175); “the presence of carbonate of lime in water 
has been found to be incompatible with the coexistence of soluble silicic acid, 
unless the proportion of this latter has been reduced to about 1 part in 10,000 
parts of water’ (p. 123); traces of carbonic acid gelatinize silicic acid 
(p. 170), but at the same time the hydrosol will stand large amounts of strong 
mineral acids, alcohol, etc., without being changed. . . . (p. 123). 

But these facts, as well as the possibility of replacing sulphuric acid in a 
sulphosol of silicic acid by water or alcohol and thus reproducing exactly the 
original hydrogel (p. 125) ; of introducing fixed oils into the etherogel of this 
same silicic acid, these elicited from Graham merely the following reflection: 
“There seems to be formed no permanent combination between sulphuric and 
silicic acid under these circumstances.” 

Apart from this absence of chemical “affinity,” the researches of Bechhold 
and above all those of Freundlich have developed troublesome facts impossible 
to reconcile with actual chemical views. We have already pointed out the 
importance of rapidity of mixing, as well as the order of addition of. two 
flocculating liquids in producing change of state. In fact we have said that 
the infinitesimal quantity of the flocculating substance has nothing to do with 
equimolecular proportions of chemical reaction, Bechhold found that in the 
coagulation of albumin by heat in the presence of electrolytes, it is especially 
the first very minute portions which act mainly, and the addition of larger 

* See paper by A. Lottermoser, this volume, p. 670. J. A. 
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quantities has little effect on the temperature of coagulation. The following 
table shows this: 


Temperature of Coagulation in Concentrations of 


Salts 0 0.01 N 0.02 N 0.04 N 0.05 N 

4G: BG: al Os BIS. SiCs 

BN ING B reicict ets cists nina ialics 60.3 68.0 69.7 71.6 72.5 
NCS Oy Ceaser ae aaeeee 60.3 66.7 68.0 69.1 69.7 
ING Cer anor t ake te ee 60.3 63.1 65.7 67.2 67.9 
NaGsH.Os ees ee 60.3 66.9 69.2 71:5 72.1 


Graham and later Jordis pointed out the extreme sensibility of certain 
hydrosols: the quantity of carbon dioxide diffusing through a rubber stopper 
suffices to coagulate silicic acid hydrosol. This explains the “spontaneous” 
coagulation of colloids, referred to from time to time, which Zsigmondy 
demonstrated to be incorrect, by preserving for years a gold hydrosol suitably 
prepared and free from impurities, and kept in a receptacle away from light. 
Arrhenius pointed out the neutralizing action on colloids of the alkalis from 
glass. Zsigmondy showed the extreme sensitiveness of the purple of Cassius. 

In short all properties of colloids and every colloidal reaction present 
peculiar features due to the intermediate position of the degree of dispersion 
of this state of matter. And if we deviate ever so little toward greater dis- 
persion, we suddenly see chemical reactions beginning to dominate; if toward 
lesser dispersion we discover physical laws regulating solids and liquids. 

In the former case, the example most studied is that of molecular aggrega- 
tions. Next to Menschutkin and Werner, we are especially indebted to Pfeiffer 
for interesting work on molecular complexes.* 

How was this view arrived at? In the first place because of the insuffi- 
ciency of the theory of valences. With the increasing number of compounds * 
obtained, we were more and more often obliged to have recourse to ‘“excep- 
tions” and to consider the same element under the aspect of modified valences. 
There are the examples of nitrogen, of phosphorus, and above all of cobalt, 
of molybdenum, etc., . . . and even of carbon. On reflection we are faced 
with the necessity that atoms must approach each other in order to effect a 
chemical reaction; this approach must be within certain limits in order that 
the “forces of attraction” be sufficient. Therefore the first phase of a reaction 
will be an approach of molecules. The idea recently championed by Reddelein 
was already expressed by Kékulé in 1858 and by Van’t Hoff in 1881; the fol- 
lowing diagram illustrates it sufficiently : 


0543 > ofS > 085 > oot! 
MgBr, Cr 
Phase I Phase II Phase III Phase IV 


It is evident that Phase II may be considered to be a molecular compound, 
obviously unsuitable in this case, but which in others might have sufficient 
stability. The existence of these compounds has been shown in several re- 
actions of halogenization and substitution (of halogens, hydroxyl, etc.). 
Wroczynski and Guyes were able to demonstrate that aniline and ethyl acetate 
give intermediate compounds when the reaction takes place at low tempera- 
ture, but on heating these intermediate compounds give ethylaniline. Schnied- 
lin and Lang have shown the frequency of molecular complexes in condensa- 


*We say molecular complexes and not “combinations”; this seems more logical in order to dis- 
tinguish them from true chemical compounds. 
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tion reactions under the influence of concentrated sulphuric acid. We need 
not multiply examples, but simply note that the reality of these complexes is 
one of the arguments in favor of the theories of catalysis which have long 
assumed the formation, in this phenomenon, of very unstable intermediate 
bodies. 

It seems then that there is no doubt as to the existence of molecular com- 
plexes. But this is at the same time an argument in favor of the insufficiency 
of the rules and the laws of the traditional chemistry of valences, of the neces- 
sity of admitting that there are other reactions than those of substitution and 
of double decomposition. This is a logical argument; but the properties of 
these compounds constitute another argument, an experimental one, in favor 
of this point of view. Let us examine into these properties. 

Among the increasing number of molecular complexes, let us choose sev- 
eral striking examples. 

Cobaltic complexes have especial interest in this connection. Cobaltic salts 
of the type CoX, (X being a monovalent radicle), can take on as many as six 
molecules of ammonia; but there are compounds having only five, four or 
three of these molecules. They are called cobaltic hexamines, pentamines, 
tetramines and triamines. Of all these compounds, according to Pfeiffer, the 
triamine is not at all ionized in aqueous solution, but forms a “neutral ion” 
(CoX,;.3NH;). This fact should be emphasized because it shows that there 
is no need of assuming an ionization of a complex, in order that it should 
react with other substances; all the more reason why colloids need not be 
ionized. Just as with cobaltic compounds, those of chromium, of iridium, of 
rhodium, etc., need not in certain cases show any sign of dissociation. 

; Take the example of the organo-metallic complexes. We know that 

with these complexes the chemical reactions characteristic of each element 
introduced are lacking; we say that in them the element is dissimulated. On 
measuring the electrical conductivity of certain organic compounds, we found 
that in certain cases the metal introduced in no way changed the degree of 
dissociation of the substance. Take the example of milk: introduce into this 
liquid 1 per cent of metallic iodine and measure the conductivity : it will hardly 
be changed. 


Pure milk . Iodized milk, 1 per cent 
SG,0' lO Mpathze sgn. 20 Oe al 


Compare this change with that obtained by dissolving metallic iodine in 
distilled water. 


Distilled water Iodiged water (1 to 3600) 
006% G10;< face Ors 


Without considering the concentration, the conductivities are about as 1 
(gay AUR 

The same is the case with other organo-metallic products. We measured 
the electrical conductivity of 1 per cent arsenobenzene, and of 1 per cent 
galyl; the former was 72.4 & 10°* at 25° C., the latter 56.6 x 10-*. Compar- 
ing this with the conductivity of an electrolyte of the same concentration 
(1 per cent NaCl at 25° = 129 x 10°*), and remembering their high arsenic 
content, we might say that these substances are very slightly ionized. An- 
other common characteristic they have, and one which we have discovered in 
typical colloids, is the increase of their conductivity by dilution. The follow- 
ing are the results for arsenobenzene: 
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erpert cent ay, Py ee Mics 10 
PRP eer Centseey Co: EO 72.4 X 104 
CPO DeMUCEHEL aM cote, Leet St 42.0 x 10% 


All these peculiarities justify us in regarding organo-metallic and other 
complexes as transition bodies between electrolytes and colloids. Is it then 
possible or necessary that colloids should obey the laws of valence? Evi- 
dently not, for it is just because of the impossibility of applying these laws 
to them, that we have been forced to investigate, and if we may say so, to 
explain the mechanism of*their formation and their properties. 

So that the Chinese puzzle invented by Werner and complicated by his 
adepts is in no wise necessary: it is superfluous and paralogical! The play 
of secondary valences, internal and otherwise, will never explain the inter- 
mediate properties of molecular complexes, and this is the only question that 
interests us. The explanations of Werner and of Pfeiffer become more 
nebulous as they proceed, and these authors are obliged to say “that it is 
very difficult to decide which, among the formulas possible to imagine, is the 
true one, for all of them are sufficient to explain everything.” (p. 112.) 

Pfeiffer’s research on the polypeptides showed that various neutral salts, 
in their action on these substances, behaved exactly the same as with natural 
proteins, so far as concerns their solubility, their separation, adsorption, lower- 
ing of the setting point, etc. (pp. 119-124). Thus the Hofmeister series is 
once more reéstablished, and the view prematurely advanced by J. Loeb is 
refuted by the classic chemists themselves. Once more we ask, how can we 
invoke, in this case, the chemical affinity of valence, etc.,...? 

This chemistry of molecular complexes is therefore very complex. Under 
the impulse of the work of Jorgenson and of Werner, there has been pro- 
duced an abundance as regular as that of organic chemistry. But as Job 
recently remarked “even the most perfect complexes are much nearer a state 
of mobile equilibrium than are most organic compounds. . . . The properties 
of these bodies are often imperfectly known, their very composition is some- 
times uncertain, and their constitution hypothetical. And we suspect that 
Werner’s formulas are nothing but an ingenious method of cataloging the 
known species, without corresponding to their real properties.” This is why 
Job and Urbain, in subjecting Werner’s views to sharp criticism, have often 
reached total disagreement. 

As a matter of fact the whole question is quite simple if we will but quit 
for a moment the more and more confined valleys of chemistry, and climb a 
peak in order to take a bird’s-eye view of the whole: we will easily get our 
bearings. 

To sum up: organic compounds are the first bond uniting ionized sub- 
stances and colloids; they obey but a part of the laws of pure chemistry. 
Moreover, chemical forces themselves have begun to receive an explanation, 
thanks to recent work of physicists on atomic structure. 

The striking progress in the science of physics has proven the insufficiency 
of atomic views. Cathode rays, made up of negative electrons, whose weight 
is about one two thousandth that of the hydrogen atom, were the first ex- 
ample of the divisibility of atoms. By measuring the direction and extent 
of the deviation of cathode rays, we were able to determine the size and 
weight of other electrically charged material particles. The discovery of radio- 
active substances was still further proof. 

We know that radium gives off rapidly helium and emanation, and that 
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it finally changes into lead. The transmutation of the alchemists has become 
an accomplished fact;* isotopes were discovered. Finally research in the 
optical properties of atoms revealed other facts of capital importance in clear- 
ing up the structure of the atom. Heat, electricity and other forces cause 
atoms to emit radiations; these radiations are distinguished by their wave 
lengths; the quantum law (relation between energy and radiation), makes 11 
possible to determine the nature of these radiations and the nature of the 
changes taking place in the atom. ' 

All this has led to a better idea of atomic structure; the microcosm ap- 
pears to be a duplicate of the macrocosm; the atom is like a solar system: 
electrons revolve about a positive nucleus; their rapid rotation prevents the 
electrons from falling into it. The lightest atom, that of hydrogen, is the 
simplest in structure. Besides, observations seem to indicate that the prop- 
erties of atoms depend solely upon the exterior electrons. Chemical reactions 
seem to be modifications of electronic motion and of its intensity. Chemical 
affinity becomes electric affinity. 

Consideration of the work of Bohr, Werner, Langmuir, Kossel, Langevin, 
Lewis, and others, permits us to draw the following conclusion: matter 
seems to be an aggregation of particles of electricity having opposite signs, 
and it therefore seems beyond doubt that chemical affinity is of an electrical 
nature. When atoms are combined into molecules, we must attribute an 
essential role to electrostatic action (Coulomb’s law). The idea of valence, 
insufficient in the case of complexes (Werner), and of hydrocarbons with 
double bonds, begins to become comprehensible by electrostatic laws, as does 
also the idea of affinity. 

But all this (theory of Kossel, Lewis, Langmuir, etc.) still does not give 
a solution to this problem of affinity; it does not explain the variation in 
atomicity (Mn may have 2, 3, 4, 6 or 7 valences) ; it does not permit us te 
foresee the changes in characteristic properties (the substitution of H by Cl 
and Hl in.acetic acid increases ats acidity )\snetesnaae 

It is the beginning of an explanation as well as of harmonizing the dis- 
crepancies observed in the properties of certain chemical compounds, especially 
molecular complexes and organo-metallic compounds, and besides of the nature 
of chemical affinity. For this explanation we must thank progress in physics: 
and it confirms the idea long ago expressed by Liebig: “die chemische Ver- 
bindung ist aber ein, und sicher nicht der einzige Effekt der chemischen 
Affinitat” (chemical combination, however, is one, and not the only conse- 
quence of chemical affinity). It shows once again that the efforts of “pure” 
chemists to express a substance alphabetically and numerically gives no ex- 
planation of its properties or of its structure—the formula CaCO, does not 
inform us as to the colors of mountains, the symbol C does not say why a 
diamond may be blue, black or colorless. It compels us to break away 
from the habit of establishing air-tight divisions between states of matter. 
and simplifies the laws governing matter. 

Returning to the colloidal state, we are then enabled to weigh and place 
it well in its position, and realizing its intermediate position, to attribute to if 
properties which are sometimes physical, sometimes chemical, and sometime: 
intermediate, according to its degree of dispersion. 

Finally, McBain has pointed out this intermediate position of colloid: 
and of the intermediate state between solutions and suspensions. Further 


“At the Aug., 1924, meeting of the British Association for the Advancement of Science, Sit 
Ernest Rutherford described how he had succeeded in bringing about the transmutation of severa 
other elements through the aid of a particles shot out from radium. J. A 
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consideration permits us to prepare a schematic table showing the different 
degrees of dispersion of matter and the modifications and properties result- 
ing therefrom. 


. 4 Osmotic ‘ d Electrical Electric Optical 
Degrees of Dispersion Pressure Diffusion Conductivity Charge’ Heterogeneity 
A. Solutions 
Electrolytes) sss... +++ +++ +++ +o0r— 0 
Non-electrolytes .... +++ a dl 0 0 0 
Molecular complexes. ? ? 0 + or — ? 
Hemi-colloids ...... + +- + + or — aia 
B. Colloids | | 
yophileweecnenee ce. 0 0 0 + or — Saale 
eyopnObDeR eee ete 0 0 0 a SG Ae 
C. Suspensions ........... 0 0 0 — ae 


In order to place ourselves readily in these different degrees of dispersion, 
we might use the following terminology : 

Ionows = Electrolytes (crystalline — KCl, or amorphous — HgCl.). 

Motorps = Ampholytes (sugars, organic liquids, etc.). 

MoLeEcuLoips = Molecular complexes (luteo-cobaltic, etc. . . . organo-metal- 
lic compounds). 

ELEcrroms = Hemicolloids (colloidal electrolytes of McBain, soaps, etc., 
dyes, ferric hydroxid, etc.). 

MICcELLoips = Colloids. 

DISPERSOIDS = Suspensions (microscopic or macroscopic). 

To sum up this long review, and without fear of repetition, it is clearly 
evident that the colloidal state is an intermediate one between suspensions of 
solids governed by physical laws, and true solutions governed by chemical 
reactions: the same substance may appear, according to conditions, either in 
the colloidal state (soaps in water, NaCl in benzene) or in the molecular 
state (NaCl in water, soaps in alcohol). 

Therefore, the laws governing colloidal phenomena cannot be exclusively 
those of physics nor simply those of classical chemistry. To the intermediate 
state there should correspond intermediate properties and intermediate laws. 

The degree of dispersion is the arbiter of these properties and these laws: 
the more a substance is dispersed and the more it approaches the state of 
solution, the closer its properties will be to chemical properties; with de- 
creasing dispersion physical laws again dominate. That is why, according to 
the degree of dispersion of the substance under consideration, we are some- 
times confronted by chemical laws, and sometimes by physical laws, and bear- 
ing in mind this importance of the degree of dispersion, we must guard against 
generalization and advancing chemical or physical theories, which are ever 
one-sided and have but part of the truth, which is, itself, among them. 
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Adsorption and its Significance 


By Pror. Dr. H. Freunpiicu,* 
Kaiser Wilhelm Institute, Berlin-Dahlem 


I. Tue Mosr Important CHARACTERISTICS OF ADSORPTION PHENOMENA 


The question, “what is adsorption ?” cannot yet be unequivocally answered. 
The concept of adsorption developed from the observation that very porous 
substances, as charcoal, kieselgur, etc., are able to hold gases or dissolved 
substances rather loosely. To decide in any given case whether or not we 
are dealing with an adsorption, we proceed empirically about as follows: 
Suppose a finely divided or very porous substance, when added to a true 
solution of a non-colloidal, non-dissociated substance, reduces its concentration 
to a marked extent. We first of all test whether this reduction of concentra- 
tion takes place rapidly; in the case of adsorption it is almost completed 
within 10 to 20 minutes. We then investigate whether the endpoint corre- 
sponds to an equilibrium. It should be possible to remove the adsorbed sub- 
stances again by means of lixiviation. 

With real adsorption we are dealing with true equilibria; it makes no 
difference whether we come to these equilibrium concentrations from higher 
or lower concentration levels, we always arrive at the same endpoint. 

Of course we can recognize this removability of the adsorbed material only 
if the reduction in concentration is not so great that practically none of the 
dissolved material remains in the solution. The very concept of the equilib- 
rium presupposes that the liquid used for washing must contain less of the 
substance than the solution in which the equilibrium exists. If the latter 
shows nothing on analysis, this will naturally be the case in the lixiviating 


solution. 

If we designate by “a,” the amount of substance which is adsorbed by 1 
gram of the solid porous mass, the adsorbent, and by “c” the amount left in 
solution when equilibrium is reached, we find that the following equation holds 
with considerable accuracy 


a= act» (1) 


In this equation a and 1/n are constants, and a may have all possible values, 
whereas 1/7 is usually smaller than 1 and lies between 0.1 and 0.7. The equa- 
tion is merely empirical and undoubtedly only approximately correct. It 
expresses, however, the essentials of the adsorption equilibrium, namely, that 
with increasing concentrations in the initial solution there will always be rela- 
tively a less percentage adsorbed. It will be referred to in what follows as- 
the ADSORPTION ISOTHERM. As a final characteristic let it be remarked, that 
in most cases the temperature factor is not large and as a rule the adsorbed 
quantity decreases with a rise in temperature, often only 1 per cent with a 
temperature increase of 30 to 40°. 


* Translated by Dr. Paul Mahler, New York. 
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The exponent 1/n on the other hand increases with the temperature and 
with higher temperatures approaches the value 1. 

What lias been mentioned above can be applied without further comment 
co the adsorption of gases by solids. The equilibrium pressure is generally 
used in the adsorption isotherm instead of the equilibrium concentration. With 
gases we observe a marked increase in adsorption with a drop in temperature. 
Charcoal adsorbs nitrogen, oxygen, etc., very powerfully at the temperature 
of liquid air, while at ordinary temperatures these gases are only slightly 
adsorbed. According to Dewar’s method, in order to obtain a high vacuum 
there is used for adsorption carbon which has been cooled by liquid air. 
There are also instances of adsorption by smooth surfaces, of methane by 
mica plates,? of toluol vapors by glass plates,* etc. This clearly indicates that 
we are really dealing with a fixation of the adsorbed substance at the surface 
of the solid, furthermore the fact that the equilibria are reached so rapidly 
and are reversible. Since diffusion into a solid requires a long time, it is 
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therefore not probable that the adsorbed molecules penetrate to any great 
extent into the solid. 

In Figs. la and 2a are reproduced adsorption isotherms for several dis- 
solved substances and gases. The abscissa are the concentrations “Cc,” or 
pressures “p”; the ordinates, the adsorbed quantity “a”; the concentrations 
are expressed in equivalents per liter, the pressures in cm. of mercury; the 
adsorbed mass of dissolved substance in milli-equivalents per gram of ad- 
sorbent, for gases in cc. (calculated to 0° and atmospheric pressure) per 
gram of adsorbent. 


If we take the logarithms of both sides of equation 1, we obtain 


loga = loga + 1/n. loge, (2) 


1.e., the equation of a straight line. For this reason we have reproduced in 
Figs. lb and 2b several adsorption isotherms as logarithmic diagrams, in 
order to show that they do actually conform to the equation of straight lines. 

_ Our purview is too narrow if we consider only the adsorption of gases and 
dissolved substances by solid surfaces. There are also phenomena at other 
interfaces which we are forced to regard as adsorptions. For instance, if a 
stream of mercury in fine drops is allowed to flow through a solution of a 
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| dyestuff such as New Fuchsine, picric acid, etc., and care is taken that the solu- 
tion through which the stream of mercury has passed does not immediately 
mix with the rest of the solution, at the place where the mercury drops com- 
bine, a diminution in the concentration of the solution will be observed.» This 
can take place only if the mercury is divided into small droplets. The adsorp- 
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tion takes place quickly and is reversible, the adsorbed mass increases with 
the concentration of the solution, relatively more being adsorbed with low 
concentrations than with higher concentrations ; hence a marked similarity to 
the previously mentioned experiments. 

The same thing occurs if fine air bells are bubbled through an aqueous 
solution of nonylic acid, amyl alcohol, etc., care again being taken that the 
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liquid at the point where the bubbles burst does not mix with the rest of the 
solution.© The solution likewise becomes poorer in dissolved substance and 
this cannot be interpreted otherwise than that the concentration at the surface 
of the air bubbles is greater than in the rest of the liquid, just as was the case 
with the mercury droplets. ; 
The above ‘mentioned phenomena can be traced back to, the Second Prin- 
ciple of Thermodynamics. Gibbs’ was the first to point out that a gas 1s 
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condensed at the surface of a liquid, if with increasing pressure it lowers th 
surface tension of the liquid. Following his deductions, we can formulat 
in general the principle, that if a dissolved substance, with increasing concen 
tration, lowers the surface tension of a liquid relative to the gaseous spac 
above or to a second liquid phase, then it will be concentrated at the interface 
This relation for a solution can be expressed in the form of 
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where a represents the excess of dissolved substance which is present pe 
square centimeter of the surface, c, the concentration of the solution at equi 
librium, p, the osmotic pressure of the solution, o, the surface tension. I 
Van’t Hoft’s Laws hold for the solution, we can substitute 
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corel 
peaks 
and hence equation (3) becomes 
—c do 


Equation 3a also holds for the adsorption of a gas if we substitute fo 
the concentration c, the equilibrium pressure p. 

The value a is very closely proportional to the already defined quantity a 
If we regard this concentration of the dissolved substance at the interface 1 
an adsorption, then from 3a we may postulate the following principle: “Th. 
quantity adsorbed increases in proportion as the surface tension of the solutioy 
becomes diminished by increasing concentration.” In like manner we mus 
expect that the quantity of solute held at the surface will diminish, if the solut 
increases the surface tension. This relation will be designated in what follow 
as Gibbs’ Adsorption Law. 

The above mentioned examples of adsorption on mercury droplets and ai 
bubbles harmonize essentially with this theory. Patrick ® was able to shov 
that the surface tension of mercury was lowered by the following substance 
in the order, new fuchsine <, picric acid < salicylic acid < mercurous sul 
phate, which is the same order as for adsorption. New Fuchsine is the leas 
adsorbed and mercurous sulphate the most. The concentration of material 
at the surface of air bubbles could only be observed with those substance 
which were able to lower the surface tension markedly. It is true that we can 
not verify this relation quantitatively. Experiments in that direction proved 
however, that the order of the magnitudes was in agreement with the theory. 

It is safe to assume that adsorption in general, including adsorption at soli 
interfaces, depends upon the surface concentration pointed out by Gibbs 
Heretofore it was not possible to prove this relation definitely. There is n 
method whereby we can measure the surface tension of a solid with respec 
to a gas, or its interfacial tension with respect to a solution; and this is neces 
sary in order to. verify equation 3a. Nevertheless a large number of obser 
vations indicate qualitatively that a great number of adsorptions at soli 
interfaces can be regarded as surface concentrations. Of all these we sha 
discuss only one, the so-called Traube’s Law for liquid as well as solid inter 
faces. This law manifests itself upon measuring the surface tensions o 
aqueous solutions of organic substances, which, generally speaking, marked] 
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lower the surface tension of water; and this lowering takes place in regular 
order as we ascend the homologous. series. Figure 3 shows this relation for 
the aqueous solutions of fatty acids ; the concentrations are expressed in moles 
per liter and the surface tensions in dynes/em. One can see, that with a 
given concentration, every acid of the homologous series reduces the surface 
tension by almost twice the amount of the preceding one. This could be 
shown to hold up to undecylic acid. The same behavior is exhibited by 
solutions of alcohols, esters, amines, urethane, etc. If we apply the Gibbs’ 
Adsorption Law, it follows that the amount of the adsorbed substance in the 
surface increases in the same regular manner. 

Langmuir *° has shown that this rule has the following significance: The 
work which is required to bring a molecule of the organic substance from 
within the liquid to the surface, when dealing with low concentrations, in- 
creases by a constant amount as we pass from one substance to that which 
stands above it in the homologous series. The fact becomes thus evident that 
their attraction by water decreases with increasing molecular weight, and that 
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each CH, group manifests its influence to the same degree; we must therefcre 
assume that their carbon chains lie flat in the surface. 

The same rule is met in the adsorption of organic substances from aqueous 
solution with adsorbents like carbon, etc. ‘The depression of the surface 
tension cannot be measured in such cases, but the adsorption can be directly 
determined. The adsorption isotherms of several fatty acids in water, using 
carbon, are shown in Fig. 4, and it is obvious how with a given concentration, 
the adsorbed amount for the homologous series increases very markedly, being 
approximately one and a half times as great as we pass from one acid to the 
next higher one. This has also been found to be the case with the urethanes. 
Langmuir’s explanation need not be changed, and we may assume that the 
general validity of Traube’s Law to be strong "evidence that the adsorption in 
these cases is to be regarded as interfacial concentration. 

Perhaps it should be mentioned that the three chloracetic acids decrease 
the surface tension of the water towards air in a series, which corresponds to 
that shown b: their adsorption by carbon and hide powder.# Their adsorption 
by adsorbents surely has no salt-like character, otherwise we would see a 
marked increase in adsorption upon changing from monochlor- to trichloracetic 
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acid. Besides surface tension depends upon concentration in such a way, thai 
we can arrive at a relation similar to that of the adsorption isotherm, if we 
substitute the empirically found values of ae in equation 3a. 

However it is unsatisfactory to be content with such qualitative results 
and therefore the problem has been attacked from a different angle ; adsorp- 
tion has been considered from the molecular kinetic point of view, 1.é., as ar 
attraction of the adsorbent for the molecules of the adsorbed substance 
Haber 2 and Langmuir ?® have shown that such an attraction can be expected 
from the structure of solids. The X-ray spectrometric analysis of crystalline 
substances has shown that in a crystal of a heteropolar material, like common 
salt, the atoms, or ions, which make up the substance, form the points ofa 
space-lattice, and the forces which are required to hold the crystal together 
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are the same as those which we regard as chemical forces. For instance, with 
an NaCl crystal, we have to assume that the Na.* and Cl’ ions are alternately 
at the corners of a cube. Whereas im the interior of the crystal the forces of 
attraction in a lattice plane of atoms are satisfied by the neighboring atoms, 
this is not the case at the surface of the crystal. The attraction of an atom 
lying at the surface is satisfied toward the interior, but as its force of attrac- 
tion is also partly towards the exterior, this portion remains unsaturated. 
These unsaturated attraction forces are supposed to be responsible for adsorp- 
tion ; it is quite probable that this saturation is accomplished not only by specific 
atoms and molecules, but that all possible atoms and molecules in the gaseous 
phase or in a solution are involved in it. 

In the application of this theory the difficult question arises whether the 
adsorbed molecular layer consists of one layer of molecules or of several 
layers. Langmuir * "* has developed the view that we are dealing with a 
monomolecular layer, which need not necessarily be continuous, for there may 
exist preferential points, the points of residual valence, and only these may 
be occupied by the adsorbed molecules ; thus if the surface be considered as a 
checker board, only part of the squares are occupied. In contrast to the above 
Polanyi has developed a theory in which he assumes a polymolecular or at 
least a coherent layer. It has not yet been possible to make experiments 
which would decide in favor of one or the other view; in fact it seems donbtful 
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to me whether it is at all correct to assume, that necessarily only one or the 
other view is applicable. It seems entirely possible to me, that with substances 
which are not too strongly adsorbed at low pressure or low concentration, the 
Langmuir assumption is correct, with more strongly adsorbed materials and 
higher pressure and concentration, Polanyi’s view expresses the facts. 

For instance, in the adsorption of methane and other gases by mica plates,* 
of toluol vapors by glass,* of the dyestuff Ponceau Red 2R in aqueous solu- 
tion by PbSO,?° we are dealing with a monomolecular layer. On the other 
hand M. H. Evans and H. J. George ** found that when CO, is adsorbed by 
glass threads at a pressure of about 12 cm. mercury, there are formed adsorp- 
tion layers 5 to 6 molecules deep (2.5 to 3 wu in thickness). Euler and his 
coworkers found a depth of several molecules in the case of the adsorption of 
silver salts by silver and gold powder. Furthermore Polanyi and his co- 
workers ** ** have calculated the adsorption of several gases and vapors by 
numerous adsorbents at medium and high pressures, such as the adsorption 
of CO, by coconut charcoal, of SO, by silicic acid gel, of benzol, ether, acetone 
and similar vapors by activated charcoal, and found them to be in agreement 
with the Polanyi theory, which assumes a polymolecular or at least a coherent 
layer. 

It would lead us too far afield if we were to go into the mathematical dis- 
cussions of the Langmuir and Polanyi theories. The following should be 
noted. Langmuir calculates, on the basis of the kinetic theory of gases, the 
number of molecules which strike against an adsorbent, and the number that 
adhere to the points of residual valence. .His formula leads above all to a 
“saturation,” a maximum of adsorbed substance, as soon as all the points of 
. residual valence have become occupied. This question of saturation may be 
considered a little more in detail. It should be noted that on the basis of his 
views, Langmuir is led to assume a quite regular placement of the molecules 
in the surface. It has already been mentioned above that he concludes from 
Traube’s Law that with large dilutions organic molecules have their carbon 
chains lying flat in the surface. In the condition of saturation, however, it 
appears that the carbon chains are extended normally with respect to the 
surface; but this is only the case with the so-called polar molecules, 1.e., those 
which have groups which differ in their relationship to water. Thus fatty acid 
molecules turn the hydrophile COOH — group which is related to water 
towards the water, while the hydrophobe CH,— group, only slightly related 
to water, is turned outwards toward the gaseous phase. 

Polanyi uses the concept adsorption affinity, 1.e., the change of the free 
energy by adsorption, and comes to the conclusion that, in the case of gaseous 
adsorption, it is independent of the temperature over a wide range; that is, that 
the adsorption affinity is equivalent to the heat of adsorption. Taking the 
adsorption isotherm for any one given temperature, he is able to arrive at the 
relation which exists between the adsorption affinity and the quantity adsorbed. 
Regarding this relation as being generally applicable, he can calculate the 
adsorption isotherms for other temperatures, and, as has been mentioned above, 
with good success. eo 

Let us now consider several peculiarities and characteristic cases of adsorp- 
tion. In the case of gas adsorption, the more easily the gas can be compressed 
the easier it can be adsorbed. This can also be deduced from Polanyi’s theory. 
We can further conclude that the order in which different gases can be ad- 
sorbed by different adsorbents, as charcoal, meerschaum and others, often 
depends but little on the nature of the adsorbent. The adsorption of hydrogen 
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is apparently much greater than its compressibility indicates. This, according 
to an observation made by Polanyi, Z. f. Elektroch. 26, 372, 1920, is a more 
correct conception than that the rare gases are less adsorbed than their com- 
pressibility would lead one to expect. (Freundlich, Kapillarchemie, 2nd Ed., 
PorLOo 
i Geen the basis of the 2nd Law of Thermodynamics, we can deduce from 
the temperature coefficient of adsorption a relation to the heat of adsorption 
which is verified by experience. If more than one gas is adsorbed, they will 
displace each other, i.e., each of the two gases in a mixture will be less adsorbed 
than if either had been present alone, and the one more strongly adsorbed 
and having a higher pressure, will displace the one which is not so readily 
adsorbed and has the lower pressure. any 
Equilibrium is also easily reached with gaseous mixtures: this is especially 
true when a strongly adsorbed gas is present in excess over a weakly adsorbed 
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one. During the war such a case arose; it was necessary to remove the small 
quantities of poisonous gases from the air by means of charcoal contained in 
air filters. Why carbon (bone black, charcoal) surpasses so extraordinarily 
all other adsorbents in adsorptivity must still be regarded as an open question. 
Some are of the opinion that the carbon itself is so active, and that in the 
preparation of an activated carbon, it is necessary that the extremely fine 
colloidal state of the raw material (blood, wood) be retained as far as possible, 
and that substances of high molecular weight which are present in the form 
of impurities be removed.'® Others believe, however, that nitrogenous impuri- 
ties in the carbon are responsible for its adsorptive capacity.° 

It is a fact that when dealing with adsorption in solutions, there is gen- 
erally a greater concentration than in the case of adsorption of gases. The 
changed conditions which exist with higher concentrations become evident, 
for the views stated previously refer only to dilute solutions and small pres- 
sures. We must bear in mind that with higher concentrations not only the 
dissolved substance is adsorbed but also the solvent, and that with increasing 
concentration of the solute, the adsorption of the solvent becomes relatively 
more noticeable. For the same reason we cannot refer the concentration to 
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the volume as is the case with dilute solutions; instead, it is preferable to refer 

_ to the weight of substance dissolved in a gram of solution. What is measured 
is really not the trwe adsorption of the solute, but its apparent adsorption; its 
concentration in the solution after adsorption is indeed greater, because some _ 
of the solvent has been adsorbed; thus the adsorbed amount calculated from 
the eS ee of the concentrations before and after the adsorption, is too 
small. - 

; Generally we cannot determine the actual mass adsorbed, because we can- 
not determine how much solvent has been adsorbed. The adsorption isotherm 
of the apparent adsorption when investigated up to high concentrations shows 
a markedly different course than the adsorption isotherm for dilute solutions. 
Fig. 5 shows two adsorption isotherms. Curve 1 represents the adsorption of 
acetic acid in toluol by animal charcoal; curve 2 that of phenol in ethyl alcohol 
by animal charcoal. First of all they reach a maximum which remains con- 
stant over a considerable concentration, a condition of saturation to which we 
have previously referred. With still higher concentrations, the apparently 
adsorbed percentage decreases, and can actually reach considerable negative 
values, t.e., the adsorption of the solvent exceeds that of the solute. In order 
to determine the real from the apparent adsorption, certain experiments have 
been made whereby the adsorbent is allowed to reach saturation in the vapors 

_ of the solution of a volatile substance, such as an aqueous acetic acid solution. 
Although more work is required in order to reach conclusive results, atten- 
tion may be drawn to the remarkable regularity of the results which have 
thus far been obtained.?? 

Let us consider the influence of the nature of the dissolved substance, the 
solvent and the adsorbent upon adsorption from solutions. Regarding the dis- 
solved substance it has already been noted (cf. above) that Traube’s law 
frequently applies to adsorption as well as to diminution of surface tension. 
But we must not stretch too far the parallelism between the influence of the 
dissolved substances upon the surface tension and their adsorption by solid 
adsorbents. We must not overlook what often happens, that a dissolved sub- 
stance will not necessarily alter the surface tension in the same manner as it 
changes the interfacial tension of a solid adsorbent towards a solvent. 

Several other conclusions are obtained by the application of Polanyi’s 
theory to adsorption from solutions.?* It follows that a dissolved substance 
will in general be more adsorbed the less soluble it is in a solvent. The strong 
adsorption of difficultly soluble substances is in fact a very common experi- 
ence; for instance, the strong adsorption of aromatic substances from aqueous 
solutions in which they are in general only sparingly soluble. Furthermore 
it follows that if we compare the adsorption of one and the same substance 
in different solvents which are all about equally well adsorbed, the dissolved 
substance will be most strongly adsorbed from those solvents in which it is 
the least soluble. This relation has been well verified for the adsorption of 
iodine by blood charcoal, in CS., CHCl; and CCly.* On the other hand if we 
compare different strongly adsorbed solvents having about the same solvent 
power for the dissolved substance, then the following rule holds,—in solvents 
which are more strongly adsorbed, the dissolved substance is less adsorbed. 
This can in fact be deduced from observations on interfacial tension as in- 
fluenced by the concentration. A consequence of this rule is that from water, 
which even with adsorbents like carbon, etc., is not strongly adsorbed, many 
dissolved substances are very strongly adsorbed; but this is not so in the case 
of the more strongly adsorbed organic solvents. 
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If we compare different adsorbents, we often find the regularity men- 
tioned under gas adsorption, namely, that the order in which the different 
substances are adsorbed is quite independent of the nature of the adsorbent ; 
perhaps the Traube law may even hold for the various adsorbents. Numerous 
deviations from this rule occur, which are to be expected if adsorption de- 
pends upon the saturation of the residual valencies as explained above. We 
should always bear in mind the possibility that the specific peculiarities of the 
valency forces of the adsorbent may play a role. As an example of such a 
specific behavior we can take the adsorption of iodine with the accompanying 
formation of.a blue color by different solid substances, although the view that 
this is an adsorption is not generally accepted. It is known that starch is not 
the only substance which becomes colored blue with iodine; Barger ** was able 
to show that a whole group of organic substances which belong to the xanthone 
and flavone series are capable of doing so. According to his experiments a 
definite constitution is required in order that this iodine adsorption take place ; 
the substances must have crossed conjugated double bonds, possibly a structure 
as found in a@-naphthoflavone 


If a double bond is destroyed by reduction, the ability to adsorb iodine with 
blue color formation disappears. The introduction of different groups 
changes the power of adsorption of these adsorbents, aryl groups for instance 
causing an increase; this is of interest if we consider that, on the contrary, 
they increase the adsorptivity of dissolved substances. 

Adsorption from mixtures of several dissolved substances requires keen and 
thorough analysis.** The first attempts in this direction indicate that, as in 
the case of gases, it is simply a reciprocal displacement, the adsorption being 
preferential for the more strongly adsorbable and the more highly concentrated 
substance. But new experiments 7° show that under certain circumstances one 
substance can favor the adsorption of a second, a phenomenon which is still 
difficult to explain. 

A very important but as yet unexplained and difficultly understood group 
of phenomena is the adsorption of electrolytes. The difficulty arises particu- 
larly from the fact that we know even less than is usually the case in adsorp- 
tion phenomena, whether what we call an adsorption of electrolytes is really 
one single phenomenon, or whether at present several different phenomena 
are not included under this head. 
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A marked limiting case can be observed in the adsorption of the radio- 
active elements by difficultly soluble salts, or what may be more correctly 
termed heteropolar adsorbents, as for instance BaSQO,, AgCl, etc. The rule 
expressed by Panéth ** holds here, namely, that a radio active element is gen- 
erally adsorbed by a heteropolar adsorbent, if the latter is present in higher 
concentration, and is able to form a difficultly soluble compound of the nature 
of the adsorbent. Ra is adsorbed by BaSO, and BaCrO, because RaSO, and 
RaCrO, are difficultly soluble, but not by AgCl and Cr,O, because RaCl, 
RaO are easily soluble. Panéth explains this lucidly as follows: If we regard 
the solubility equilibria kinetically, in the case of BaSO,, Ba** and SO”, ions 
will initially go into solution, and then separate out on the solid substance. If 
a radio-element is in solution, which forms a difficultly soluble sulfate, as for 
instance Th-B isotopic with Pb, it is extremely probable that the Th-B atoms 
will adhere to the surface of the SO,” ions because ThBSO, is difficultly 
soluble, whereas for instance ThC which is an isotope of bismuth, because 
of the greater solubility of the ThC sulfate, will preferentially remain in 
solution. 

The phenomenon observed by Fajans and Beer 8 rests on a similar ad- 
sorption according to Panéth, namely, that radio-elements are carried down 
by difficultly soluble precipitates if their respective compounds give difficultly 
soluble precipitates. According to unpublished experiments by Hentschel, 
the Panéth rule appears to hold also for other ions in larger concentrations, 
as for the adsorption of Pb** by BaSO,, etc. On the other hand capillary 
active influences are likely to be of greater importance in the case of adsorp- 
tion by less markedly heteropolar adsorbents, such as the difficultly soluble 
sulfides, which do not form difficultly soluble sulphides with the adsorbed ions. 
This adsorption of radio-elements has all through the character of an exchange 
adsorption: For every radio-atom which enters the adsorbent a correspond- 
ing atom from the adsorbent enters the solution and it seems plausible to 
assume that the exchange concerns itself directly with those atoms which are 
located in the space lattice. These conclusions must be accepted with caution, 
for according to investigations and observations made by Volmer which will be 
discussed later (cf. p. 586) it seems improbable that under these conditions 
atoms can enter into the lattice; they must first of all go into an adsorption 
layer. The similarity with the adsorption of non-electrolytes is thus greater 
than what had been originally supposed. ik ote 

We will find many cases of adsorption of electrolytes which indicate such 
an exchange adsorption, where an ion of the dissolved electrolyte is taken 
up by the adsorbent, while an equally charged ion is given up by the adsorbent 
to the solution. This is so in the case of the adsorption of many electrolytes, 
especially actually dissolved dyestuffs, by fibers, kaolin, glass, etc., sometimes 
also carbon.2® With carbon it is apparently ash-like impurities which give 
rise to the ion appearing in the exchange. With substances like fibers, kaolin, 
glass, etc., the presence of such an ion is obvious. There is every reason to 
believe that in the great majority of cases it is really such an exchange adsorp- 
tion and not a cleavage adsorption, where perhaps by hydrolysis either H* 
or OH- ions enter the solution in place of the ion which adheres to the ad- 
sorbent. But it would not be wise to exclude cleavage adsorption entirely. 
Bartell and Miller *° state that a sugar carbon which has been carefully puri- 
fied adsorbs methylene blue in large concentration by hydrolysis, whereby 
H* ions take the place of the methylene blue cation. — That the usual adsorp- 
tion isotherm holds in most cases of exchange adsorption must not be accepted 
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as proof that the mechanism is the same as that of the adsorption of non 
electrolytes. Thus Panéth*! has shown that, from the adsorption of Thl 
by PbSO,, we can calculate the adsorption of the Pb ions, and that fror 
an entirely different hypothesis an equation can be derived which apparentl 
seems to be quite similar to the adsorption isotherm. 

Carbon adsorbs most salts not by exchange of ions, or only a small fractio: 
in this way; that is, anions and cations are adsorbed in equivalent amounts.’ 
That their adsorption is noticeably independent of each other becomes evi 
dent in many ways. Ions of the same sign displace one another, which is als 
often the case in the adsorption of non-electrolytes. lons of opposite sig: 
influence each other’s adsorption in this sense, that a more strongly adsorbe 
ion will drag the more weakly adsorbed ion with it onto the surface; thu 
a weakly adsorbed ion, as for instance the Cl ion, will be very slightl 
adsorbed when in the presence of the weakly adsorbed Na* ion, but mucl 
more so when in the presence of the more powerfully adsorbed Al*** ions 
Rona and Michaelis ** have shown that the adsorptivity of H* and OH~ ion 
can be separately determined if they are measured in the presence of an ex 
cess of other electrolytes, such as KCl, and the like. 

It is also noteworthy that Panéth,*t by means of the adsorption of radio 
elements, was able to determine relatively the magnitude of the interface o 
adsorbents, a task which generally is difficult to accomplish. He succeedec 
at first only with adsorbents consisting of difficultly soluble salts of an isotopi 
element. From the very nature of isotopy, in the case, for instance, of th 
adsorption of ThB by PbSO,, the ratio of ThB to Pb atoms in the solu 
tion must be the same as their ratio in the surface. Since we can determine 
the concentration of the ThB in the solution and of the adsorbed mass ii 
the surface, and furthermore, since we know the concentration of the PI 
ions in solution, we get from this relation the number of Pb atoms in thi 
surface and therefore a measure of its size. 


Il. Tue SIGNIFICANCE OF ADSORPTION FOR CRYSTALLIZATION PROCESSE: 


From prior investigations of Marc,** but particularly from the more re. 
cent work of Volmer,** we have come to realize that adsorption plays ar 
important part in crystallization. Although in this respect the last word may 
not have been spoken, the results obtained so far seem so remarkable anc 
the prospects which they offer so interesting, that I shall consider them more 
at length. 

R. Marcelin *° had already observed that when p-toluidin crystallizes fron 
a supersaturated alcoholic solution, the crystals will always grow in thir 
layers, as if the newly crystallized substance were, so to say, floated on 
Volmer was able to verify this in many other cases. If, for instance, he 
allowed mercury crystals to grow in supersaturated mercury vapor and _ fol- 
lowed the crystallization under strong magnification, he saw how rapidly grow- 
ing layers formed on the mercury surface, began at one place and then spreac 
with constant thickness over the whole surface. PbI, behaved similarly wher 
it crystallized from aqueous solution. From this behavior Volmer concludec 
that crystallization does not proceed by atoms entering the space lattice 
directly ; * they are at first held fast in an adsorption layer, that is, each crysta 
is able to adsorb on its surface the ions, or atoms of which its space lattice 
is built. Mare had already come to this conclusion, as he had observed that 


* See also Chapter I. J. A. 
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when fine crystal powder was added to a supersaturated solution of the 
crystal in question, an initial reduction in the concentration occurred, which 
was greater than that which takes place later during the course of the crystal- 
lization, and which proceeds in a regular manner. Volmer assumes fur- 
ther that the adsorbed atoms, or molecules, are moving freely in the level 
adsorption layer lying next to the adsorption plane, while it is difficult for 
them, on account of the force of adsorption, to withdraw vertically from 
the plane. They behave then like a two dimensional gas; or, if a comparison 
is permissible, like skaters on a sheet of ice. Furthermore, McBain and 
Salmon described the peculiar phenomenon which the micells of a soap solu- 
tion show when they touch a coagulating fiber present in such a solution; they 
remain attached to it, but are in lively motion along the thread, that is, in a 
unidimensional Brownian movement. If the moving’ atoms, or molecules 
collide unelastically in the adsorption layer, as will be the case if the energy 
which is given off thereby is taken up by the crystal lattice, a crystal nucleus 
will be formed in the layer, and this will grow further sideways, whereby the 
molecules which are in the adsorption space become attached. Volmer’s 
observations are to be thus understood; we can also see that, depending upon 
the thickness of the nucleus and the adsorption layer, the new expanding 
crystal layer, which spreads out, may be of varying thickness. From the 
different interference colors which Volmer found, he had to conclude that there 
were different thicknesses of layers. 

The mathematical proof of these views is hardly possible at the present 
time, because the amount of adsorption on crystallization planes is not known, 
and above all because we do not know the different amount of adsorption 
on the various crystal planes. If we knew more about this, one could, accord- 
ing to Volmer, determine the velocity of crystallization of the different planes, 
which increases in proportion to the strengths of their respective adsorptions. 
Furthermore, the shape of the crystal depends upon this rate of crystalliza- 
tion. Completely formed crystals have those surfaces in excess which have 
grown the slowest. Volmer shows, however, on the basis of probable assump- 
tions as to the amount of adsorption at different surfaces, that this may 
very likely give rise to a ratio of the velocities of crystallization of about 
1: 1000, and such values must be expected, if we want to explain the appear- 
ance of leaflets and needle-like crystals. 

In good accord with these views stands the influence of impurities upon 
the velocity of crystallization both with solutions, as Marc ** had previously 
shown, as well as with supercooled melts as Freundlich ** emphasized later. 
Marc showed that the velocity of crystallization of substances like K,SOu, 
etc., in supersaturated aqueous solutions, is retarded only by such materials 
as are adsorbed by the crystals—for instance several dyestuffs (quinoline 
yellow, etc.); the solution of the crystals is not influenced by such sub- 
stances, which from the standpoint of the theory of diffusion is quite com- 
prehensible. The retardation of crystallization by certain dyestuff concen- 
trations may be so powerful, that it is completely inhibited, although the 
solution is still strongly supersaturated with respect to the crystallizing mate- 
rial. In the case of small percentages of impurities, the retardation may be 
expressed by an equation which corresponds with that for the adsorption 
isotherm. The same holds for the retardation of the velocity of crystalliza- 
tion of supercooled melts in their relation to impurity concentration, as 
Freundlich has calculated from measurements of Pickard *° and others. This 
relation is quite evident: if in addition to the molecules of the crystalliz- 
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ing material the impurity also is adsorbed on the crystal surface, it enters 
into competition with the molecules, hinders their getting together to form 
nuclei, and retards in proportion of its mass present at the interface. 

The influence of impurities upon crystallization is a phenomenon of gen- 
eral importance.* As the different crystal surfaces adsorb the impurity 
differently, the velocity of crystallization will be markedly changed by the 
adsorption and hence also the shape of the crystals. It is probably known 
how under certain conditions impurities will strongly affect the course of 
crystallization; for example it will be recalled that in the presence of methy- 
lene blue AgCl forms dendritic crystals instead of the regularly formed ones 
which precipitate from a pure solution. If more were known of this in- 
fluence, we could tell quite often from crystals occurring in nature from 
what kind of solution they were originally separated. The peculiarly finely 
crystalline character shown by structures like urinary calculi, gall stones, 
etc., which are found in the organism, depends upon the fact that the adsorbed 
colloids have retarded the velocity of crystallization.*° The velvet-like soft 
appearance of ice cream is caused by the presence of gelatin and similar 
colloids, which on account of the retardation of the velocity of crystallization 
allow the formation of only extremely fine crystals.*t In industrial work 
the purification of a solution by means of carbon is very important, because 
impurities are thus removed which under certain circumstances can affect 
the crystallization of a substance, even though it be in supersaturated solution. 

Moreover Volmer * observes that the formation of nuclei may occur not 
only on the crystal surface of the same substance, but in general they may 
also form at all kinds of interfaces. First of all because of adsorption, the 
concentration of the crystallizing substance becomes greater there and hence 
the conditions that the required number of molecules which should meet in 
the required time for nucleus formation are more favorable than in the free 
solution. Furthermore, the work required for the formation of nuclei in 
the adsorption layer is smaller, because the free energy for the formation 
of the surface of the nucleus adjoining the adsorbent, will be as a rule less 
than what would be required to form a surface of the same size in the free 
solution. The preferred formation of nuclei at interfaces is an important 
factor in the formation of Liesegang’s rings. 


Ill. Tue SIGNIFICANCE oF ADSORPTION FOR REACTION VELOCITY 


It has been shown that the majority of gas reactions at low or medium 
temperatures—below 600°—do not take place in the gas space, but at the walls 
of the vessel. Hence the time of its reaction is greatly influenced by adsorp- 
tion phenomena. We also know a whole series of similar adsorption reactions 
which take place in solution where they may proceed in the presence of an 
adsorbent like carbon, or in a colloidal solution. Study of a whole series of 
important biological reactions indicates that they unquestionably take place 
at interfaces. 

It has frequently been assumed, when a gas reaction is strongly accelerated 
at the wall of a vessel, that this is sufficiently explained by the fact that 


* va household and apes ee practise, use had long been made of inhibitors of erystallization— 
e.g., gelatin in ice-cream, gum arabic in confectionery, etc. One of the earliest publicati F i 
subject is “The Effect of Colloids on Crystalline Form ‘and Cohesion,” by Wm. C. Ord M.D. rf hock 
published in London in 1879 (see Science, 1925), which contains a wealth of interesting data 
J. Alexander (Koll. Zeit., 4, 86, 1909) treated this question; and R. E, Liesegang (Koll. Zeit. 5, 
Howe treated the converse question—the forms produced in jellies by crystals forming in these. 
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because of increased concentration in the adsorption layer, the adsorbed sub- 
stance decomposes more rapidly or reacts with the adsorbent more rapidly 
because of an intermediate reaction. But according to Polanyi ** this influ- 
ence alone is not enough in order to explain the large increase in the reaction 
velocity. He estimates, for instance, that Bodenstein’s experiments on the 
catalysis of oxyhydrogen gas at porcelain walls at 600° should hasten the reac- 
_ tion 10* times as compared with the gaseous space; from the probable adsorp- 
tion of H, and O, we can calculate a condensation of 5 to 10 times and 
from it an acceleration of 10%°. Hence Polanyi suggests a different cause 
for this extraordinary increase. From certain theoretical reasons, which can 
only be mentioned here, he believes that atoms must have a considerably 
greater heat of adsorption than molecules. The adsorption space must there- 
_ fore be regarded as a zone of increased dissociation, for the negative heat 
of dissociation of molecules like H;, Oz, etc., otherwise so great, is smaller 
in the adsorption zone because the greater heat of adsorption of the atoms 
_ produces an increase in heat there. It is this increased dissociation which is 
primarily responsible for speeding up the reaction. 

As a rule the conditions of these adsorption reactions are not altogether 
so simple; either the initial substances or the reaction products may be 
preferentially adsorbed. They may mutually displace each other, the ad- 
sorption layer may hinder the entrance of one of the reacting substances to 
the interface, etc. Each case has its peculiar characteristic and one must 
be careful in drawing conclusions from one reaction for application to a 
similar one. 

The conditions are simple when the reaction products are adsorbed only 
slightly or not at all, while one of the initial substances is powerfully adsorbed. 
In such a case the reaction velocity is generally proportional to the adsorbed 
mass of the initial substance, and this can be connected up with the concen- 
tration in the gaseous space, or in the solution, on the basis of the adsorp- 
tion isotherm. A good example of this sort is the decomposition of antimony 
hydride into hydrogen and antimony at ordinary temperature, according to 
the equation. 

4SbH,; = 4Sb + 6H, 
with Sb as adsorbent.*® The Sb formed by the reaction produces an in- 
crease in the adsorbing surface. But if we make the amount of Sb initially 
present, large enough, by letting the reaction take place, let us say, in a 
vessel covered with an antimony mirror, we can then disregard this increase 
and hence assume that the adsorbing wall surface is of constant size. The 
adsorption of hydrogen can be considered to be slight and therefore we 
have to consider only the adsorption of SbH;. Hence we can assume that 


the decrease in pressure — ge is simply proportional to the adsorbed mass, +. 


al iy 
Applying the adsorption isotherm, + =o. hie, and combining all of the con- 


; dp = : 
: ; j __ 1. — ppn ich 
stants into one constant, k, we get the reaction equation 7 kp”, whicl 


Q-3)_ .6-)) & 


when integrated is 


i 
i = 
(—j)e—o Lr, 
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This equation was confirmed by observation. In accordance with the theory 
of adsorption, the value of 1/n increases with increase in temperature. Simila: 
gas reactions are the decomposition of P and As hydrides, as well as that o: 
selenium hydride on selenium surfaces. 

The equation (4) holds also for a series of cases dealing with adsorp: 
tion in solution, as for instance the decomposition of formic acid on rhodiurr 


according to the equation, 
fal . COOH — ine -+- CO. 


and by the reaction between Na hypophosphite and H.O on Pd black, accord- 
ing to the equation, 


NaH,PO, + H,O0 = NaH2PO; + Hz 
and particularly by the decomposition of H,O, in a Pt sol 
MAO — ASE, ae Cys. 


For the decomposition of formic acid and hydrogen peroxide we have every 
reason to assume that the reaction products are weakly adsorbed and hence 
do not disturb the course of the reaction at the surface. 

If there is more than one initial substance, say two, both of which are 
markedly adsorbed, one circumstance must be considered to which Reichin- 
stein *° has already called attention. The substances will mutually displace 
each other from the surface, especially if one or the other is present in 
greater concentration, while with a medium concentration a maximum velocity 
reaction will be found. Reichinstein explains amongst others, the remarkable 
cases where, for instance, oxygen is used in oxidation processes, with medium 
OQ, pressures, a maximum reaction velocity sets in; examples of this kind 
are the glowing of P by its oxidation in air, the oxidation of aldehyde, of 
silicon hydride by oxygen, etc. Reichinstein also tried to express these re- 
lations numerically, by assuming that the number of molecules present in 
the adsorption layer remains constant with all adsorbed substances and with 
all pressures, an assumption which, however, can hold only approximately. 

If the end products are mainly adsorbed, we generally have a reaction 
of materially different character. When compared with the reaction in the 
gaseous space or in pure solution, there is naturally an acceleration of the 
reaction of the adsorbent because the initial products which are also adsorbed 
react more quickly at the surface; but the adsorption layer, formed mainly 
from the end products, will finally have a retarding effect, because it opposes 
the diffusion of the initial products to the boundary surface, or because the 
end product displaces the initial substances. Several cases are known which 
can be satisfactorily explained on the assumption that the velocity of reaction 
is determined by the velocity of diffusion of one of the reacting substances 
through the adsorption layer. Bodenstein and Fink“ have investigated 
the kinetics of the gas reaction 2SO, + O, = 2SO,; on a Pt surface. SO; 
is adsorbed most powerfully and is the main constituent of the adsorption 
layer. As the velocity of a reaction always depends upon the rate of the 
slowest process, it depends upon the inward diffusion of that initial sub- 
stance which is present in lowest concentration; the one in largest concen- 
tration is of course present in sufficient amount at the surface. Considering 
the laws of diffusion solely, and assuming that the thickness of the adsorp- 
tion layer is proportional to the amount of SO, adsorbed, we get the equation 
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d(2SOs) _ , _(2S0z) 
dia Tat k2S0, 57" 


for the case when oxygen is present in excess. The parenthetical expressions 
represent concentrations. If on the other hand SO, is present in excess, the 
corresponding equation would hold 


d(2SOs) _, __(O2) 


ie CoO 


The constants ky and kz depend in characteristic fashion upon the diffusing 
substances SO, and O,. This view has been completely confirmed by 
experiment. ; 

According to Bodenstein and Fink ** the catalysis of oxyhydrogen (under 
certain conditions) belongs to this group of gas reactions, also the splitting 
of CO; into CO and O on Ni and Co surfaces, etc. According to Freund- 
lich and Bjierke the reactions in solution of the oxidation of phenylthiourea 
by oxygen on carbon surfaces, takes place similarly; it depends upon a diffu- 
sion of oxygen through an adsorption layer which is essentially built up 
of the reaction products. 

There are indeed cases where an initial substance, because of its strong 
adsorption, delays the diffusion of a second reacting substance, so that it 
hinders its own reaction. This is particularly the case in the oxidation of 
oxalic acid by oxygen in aqueous solution on carbon surfaces.*? The kinetics 
of the process can be calculated by assuming that O, is forced to diffuse 
_ through an adsorption layer of oxalic acid, _ sar. 

It is perhaps more probable in other reactions that a retardation is due 
to the presence of other substances, especially of impurities added purposely, 
which displace one of the adsorbed substances at the interface. This holds 
particularly for the action of many capillary-active substances like urethane, 
etc., when they retard the oxidation of amino acids by carbon. O. Warburg 
and Negelein °® found that this retardation is just as great, if the adsorbed 
amount of the various capillary active substances is equivalent. The agree- 
ment became even better if the retardation was calculated in cases where the 
surfaces covered with adsorbed molecules were of equal size. Traube’s Law 
(compare p. 578) naturally comes very much into evidence. The same re- 
tardation is reached, when ascending the homologous series of urethanes; the 
concentration for the next higher urethane is about half what it is for the 
preceding one. e 

O. Warburg * uses the validity of the Traube’s law in order to decide 
whether or not a biological reaction takes place at interfaces. No case is 
known where this law holds for a reaction in homogeneous solution; for 
instance it does hold for the inversion of sugar by invertase, but it does 
not hold when the inversion is accomplished by acids.°* Fermentation, respira- 
tion and CO, assimilation have been found to be retarded by urethanes 
according to Traube’s law, and Warburg deduces from this that all these 
processes take place at interfaces. 

The investigations of Warburg have further shown that with all these re- 
actions, a finer mechanism must be taken into account. The influence of 
capillary-active substances, as already mentioned, can be satisfactorily referred 
to their adsorptivity. But there are substances, as for instance, hydrocyanic 
acid, which are more powerful retardants than the latter, although much less 
adsorbed. O. Warburg *® was able to show that the Fe content of the 
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blood charcoal used for the experiments is crucial for this behavior. Ar 
iron-free sugar char likewise accelerated the oxidation of amino acids, but 
this process was not checked by hydrocyanic acid. We must therefore assume 
that while oxidation takes place partly on the charcoal, still, certain iron- 
containing interfaces are particularly active, and the reason why the HCN 
retards so powerfully is because it forms an unstable compound with the 
iron, probably analogous in form to an adsorption compound. ‘The influence 
of capillary-active materials is just as comprehensible as ever; on adsorp- 
tion they cover the iron-containing as well as the iron-free spots in the inter- 
face. Observations made by Elissafoff°* show very distinctly how strong 
the catalytic action of adsorbed metals on interfaces can be. The decom- 
position of H,O, in aqueous solution is strongly accelerated by glass wool 
as well as by dilute Cu salt solutions; glass wool and Cu salts act together 
very much more powerfully than either of these substances alone, and it 
can be shown that the action is proportional to the amount of Cu adsorbed 
on the glass wool. , 

The possibilities which must be considered regarding the micro-structure 
of adsorption layers are not yet exhausted. The characteristics mentioned 
(p. 580), as to the position of polar molecules in the interface, is most prob- 
ably also important for adsorption reactions. Recently Kruyt and van Duin *° 
have explained from this point of view why certain reactions, as for instance, 
the reciprocal action of the Na salt of p-sulfodibromhydrocinnamic acid with 
KI in the presence of carbon is stopped, while the corresponding reaction 
between dibromsuccinic acid and carbon is accelerated. In the first case 
we can assume that both of the Br groups are diverted from the aqueous 
phase and therefore react less easily with the I ions. In the second case we 
have reason to believe that the two Br groups are turned towards the aqueous 
phase. 

Probably we will be able to include enzyme reactions, on the basis of 
their kinetics, in the class of adsorption reactions; as we know relatively 
little in that direction, this hint must suffice.°® 

Thus much for reactions which take place at interfaces. Not less impor- 
tant are the cases when a chemical equilibrium is diverted at an interface. 
We can predict theoretically on the basis of the second Law of the Thermo- 
dynamics: Equilibrium is shifted in the sense that the formation of capillary- 
active substances at the interface is favored, the formation of capillary- 
inactive substances being opposed. Such phenomena have not yet been closely 
investigated.°® 57 


IV. THe SIGNIFICANCE OF ADSORPTION FOR COLLOID FORMATION 


It is not possible within the scope of this article to discuss the many cases 
where adsorption is certainly or probably of importance for colloidal struc- 
tures. In the previous section several cases have already been pointed out, 
namely, the function of adsorption in the kinetics of colloidal solution, for 
instance, in the decomposition of H,O, by colloidal Pt hydrosol or in enzyme 
reactions. In the following first of all we shall discuss the importance of 
adsorption for the stability of colloidal solutions. It is true that here we 
tread upon rather uncertain ground; for the adsorption involved is an ad- 
sorption of electrolytes which closely resembles an exchange adsorption. Opin- 
ions differ as to whether we have any right to class it amongst adsorption 
phenomena, and also as to the nature of its characteristics. 
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__ The colloidal solutions whose stability shall be considered are the so- 
called hydrophobic sols, which are relatively unstable and are precipitated by 
low concentration of electrolytes; for instance, to this group belong the un- 
protected sols of the metals (of gold, silver, etc.), of sulfides, many hydrox- 
ides (Fe and Al(OH)s, etc.). It is known that to retain their stability 
there is required a certain small amount of an electrolyte. This becomes 
evident from experiments by Lottermoser *® with AgI sols. If a dilute solu- 
~tion of AgNO, is treated with dilute KI solution or vice versa, the sol is 
not stable, if exactly equivalent amounts are measured; but it is stable, if 
a small excess of either one or the other substance is present. The sol is 
positive if Ag* ions are in excess, negative if I- ions are in excess. The 
ion which is present in excess appears generally to be fixed according to an 
adsorption isotherm. This is true, for instance, according to experiments 
by Matffia,°° for the binding of Cl ions in Fe.O, sols. 

The attempt has recently been made to conceive this sort of fixation of 
electrolytes on colloidal particles as a combination similar to complex salt 
formation, 7.e., to assume valency action, as with the Werner salts. Although 
| think it entirely possible that a gradual transition may be traced between 
a Werner bond and an adsorption linkage, still I must emphasize, that with 
our present knowledge, we cannot distinguish the Werner’s salts in their re- 
actions from organic substances, whereas their resemblance in behavior to 
adsorption compounds is very slight. For instance, the change of purpuro- 
chrome salts or cobalt salts into their corresponding roseo salts, according to 
the equation 


[Cr(NH,);Cl]CL + HO = [Cr(NH,);H,O]Cl, 


agrees exactly with that of e-chloramylamine to piperidine chlorhydrate. 


CiinweCii. 
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Both are slow reactions of the first order, and in addition the dependence on the 
nature of the halogen is quite analogous ; in both cases the halogen is removed 
from the inner sphere of reaction to the outer. It hardly needs to be shown 
how different the exchange of halogen is in the particles of an Fe,O, sol. 

Colloidal particles. will be positively or negatively charged depending upon 
whether the cation or anion is adsorbed in excess. The character of the 
charge is generally determined from the direction in which they migrate ‘dur: 
ing cataphoresis. For coagulation the nature of the charge is critical; ** we 
always have to consider the nature of the oppositely charged ion, with a 
positive sol the nature of the anion, with a negative that of the cation. The 
similarly charged ion is, however, not without effect, but its influence is SO 
much smaller than that of the oppositely charged ion, that it can be neg- 
lected for the present. Essentially then the particles are simply discharged 
by oppositely charged ions, although a complete discharge is not necessary 
as was formerly believed. That the colloidal particles actually attract prefer- 
entially ions of opposite charge, follows very clearly from experiments made 
by Fajans and vy. Beckerath.** They showed that silver halide sols (accord- 
ing to Lottermoser ) when positively charged by means of an excess of Ag 
ions, do not markedly adsorb thorium B° cations ; they do so, however, very 
strongly when negatively charged with excess halogen ions. kite (noma 

It is not easy to compare the potency of different electrolytes in coagulat- 
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ing a sol. We are dealing in fact with a transitory reaction, and hence we 
must compare the electrolyte concentrations which produce the same velocity 
of coagulation. To a certain extent this has been done in only one case, 
by Gann * for the coagulation of Al,O; sol by a large series of electrolytes. 
But even against these experiments certain objections may be raised, because 
the method of measuring, the observation of increase in viscosity of the sol, 
is not above criticism. In other work, the experimenters were satisfied to 
choose certain concentrations which are comparable because of definite char- 
acteristics, either comparing the concentrations which just cause turbidity, or 
that which in a definite period of time, about two hours, will cause complete 
flocculation. Very fortunately these values, which will be designated in the 
following as coagulation figures, have a definite meaning from the standpoint 
of the velocity of coagulation.** The latter increases so extraordinarily with 
small electrolyte concentrations, that the concentration which just causes 
turbidity is sharply marked as a threshold figure. On the other hand with 
certain larger concentrations we find with regularity a constant maximum 
coagulation velocity, the velocity of the so-called instantaneous coagulation ; * 


Picaic a a 


Fic. 6. 


and hence the coagulations become comparable when this velocity is reached. 

As already mentioned, the coagulation figures are in the first place de- 
pendent on the nature of the oppositely charged ion, with positive sols on 
the nature of the anion, with negative sols on that of the cation, They are 
distinguished by the fact that they move in an exceedingly wide field of 
concentrations ; under the ordinary experimental conditions from several hun- 
dred millimols per liter up to a few hundredths of a millimol per liter.** 
This is explained as follows: Experience teaches and theory indicates like- 
wise, that conditions for coagulation prevail, when equivalent amounts of 
the oppositely charged ion are adsorbed by the ,colloidal particles. Thus, 
if we have ions of equal value, which, however, are adsorbed to a different 
extent, the relation is that shown in Fig. 6, where the salicylate ion repre- 
sents a strongly adsorbed ion and the Cl ion’ a weakly adsorbed ion. In 
order that equivalent amounts should be adsorbed, the equilibrium concen- 
tration in the solution must be very different, far smaller for the more power- 
fully adsorbed ion than for the weakly adsorbed one. In the first case the 
coagulation figures which are really total concentrations and not equilibrium 
concentrations, run parallel to the equilibrium concentrations; for the latter 
this also holds true. 

Very striking is the large difference in the coagulation figure with ions 
of different valence. The more highly charged ions have a much smaller 
coagulation figure than the lesser charged ions. In order to understand. this, 
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we do not need to assume that the more highly charged ions are more strongly 
adsorbed. We can understand such behavior by merely assuming that the 
different ions, expressed in moles, are equally well adsorbed and we know, 
indeed, cases, for instance, in the adsorption of different cations (NH,*, 
UO,**, Ce*** ion and others) by As2S; powder, where ions of different valence 
are approximately equally well adsorbed in equimolar solutions. If for the 
sake of simplicity, we assume that in equimolar solutions they would be 
equally well adsorbed, then the adsorption isotherm, Fig. 7, would hold for 
mono, di, and tri valent ions. 

Now it must immediately be evident how much the equilibria concen- 
trations must vary, in order that equivalent amounts be adsorbed, which 
indeed, is necessary for a comparable coagulation. The adsorbed amounts 
for mono, di, and tri valent ions must be in the proportion 1:4%:%. If we 
substitute once more for the equilibrium concentration the coagulation figure 
and consider that, as already mentioned (p. 576), the adsorption isotherm 


when logarithmically plotted gives a straight line, it follows, that we must 
obtain a straight line when the logarithms of the coagulation values of mono-, 
di- and tri-valent ions are plotted against the logarithms of 1, % and %. To 
show how far these considerations hold, let me give two examples. In Table I 
there are given the coagulation figures of a positive Al,O; sol with anions of 
different adsorbability and different valence.® These are reasonably free from 
objection, as they are concentrations which cause the coagulation to proceed 
with approximately the same velocity. With these coagulation figures ex- 
pressed in millimols, are compared the adsorbed amounts expressed in milli- 
equivalents. It will be seen how extraordinarily strongly the coagulation 
values are differentiated, while the adsorbed amounts vary only very little. 


TABLE I 
Comparative Amounts oF ANIONS ADSORBED BY THE FLOCKS, IN THE FLOCCULATION OF 
Al:Os Sots 
Quantity Adsorbed 
Coagulation at the Coagula- 
igure tion Figure 

(Millimols per (Milliequivalents 

Anion Liter) per Gram A1,Og3) 
Salicvlat cme Mena, chilis st: ce sactktinti surat oefevery ates > 8.00 0.46 
RACK ATC mea Re ita MIE ows asl ocd au tteeis oles Mats a 4.00 OLS 
Oxalate ER LC eee ie ec elintce scd 6 53 0.36 0.55 
ELLICV AIO C MME Te Ty er iin cesta tian = lier ere\cretelese's 0.10 0.42 


HerroGyanicenmeenetyareiicwartste tora cdajelcisias\cleleie els. «ied 0.08 0.44 
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In Table Il are found the coagulation figures of salts having cations of 
different valency, determined with respect to a negative As.S,; sol. Here 
we are dealing with complex cobalt salts, where we may perhaps assume, 
because of their close relationship, that in equimolar solution they are ad- 
sorbed to the same extent. If this is assumed and we arrange as in Fig. 
8 the logarithms of the coagulation figures as abscissa the logarithms of 
1,4, %, %, %, that is, 6, 5, 4, 3, 2, 1.5, and 1, we actually obtain a straight 
line, and from the theoretical course of, this adsorption isotherm, we can 
calculate the coagulation figures and compare them with the observed values 
im Paplen tl, 
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TABLE II 


CoAGULATION oF As.Ss Sot By COMPLEX CoBALT SALTS 


Coagulation Figure (Millimols per Liter) 


Electrolyte Found Experimentally Calculated 
[EOiGNER) GG: OF Cla en aeack ener eae 6670 a 
[COGN ) aN Osis Cla terse rere a eye eee eee ae 5330 — 
REO GABE HCO ISO Motions naionicsmers onpto nooo aoe Gn Oo 5330 a 

2 
(EOIN Fis) a GNi@s) sie Cll een ince nace ee areas 4670 = 
ANVELASE’ WG oi tersttin det cases e ate een Dithcroer ene 5330 5130 
[CO CNH DINO: Cleats see eee teeter eet ee 400 — 
KEOTORMSENES OINTKGID: ares canes omanbeononoccua goer 333 — 
ROOLENTE PO ANGI Oe pcre ea atin es oreh oe ate Siro ceo 333 — 
ANGEL AL Cis in Sep oy oe cevroyseshen thd CS hha eM aa eine ERS 333 
[CO en.* | Ck ee CS 80.0. — 
[GOMNER al (CN@2)seemc ee sore ner: 66.7 — 
1 CO CNS VERSIE we. AN eo eae eens 66.7 — 
AVETAgE ATUSTLG ES jacioeces teen eee Ene 66.7 67 
{ (NA) s€O — NH —'COMNE)sIGly sees 20.8 — 
[(NEICO'< 52> C0 (NH Clea aan 16.7 = 
AV OHAQS ie snags Srey chegainca Son sen ehoms deters Ace eee een 18.8 22 
oe ©) el ) 
Kol ore CO(NH,). | { Cliente een eee 4.2 43 


*en = ethylenediamine. 


As a matter of fact this relation holds also for the coagulation of agglu- 
tinizable bacteria by means of cobalt salts of different valence.7° i 

Closely connected with the coagulation of hydrophobe sols by electrolytes, 
is the influence of electrolytes upon the so-called electro-kinetic processes, i.e., 
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upon electrosmosis, cataphoresis, current potentials, etc.7! With all of these 
there is involved a reduction of the so-called electro-kinetic potential, the 
same potential which is so determinative for cataphoresis and the charge of 
colloidal particles. Accordingly in observing the influence of electrolytes on 
the electro-kinetic processes we see a similar rdle played by adsorbability and 
valency of the oppositely charged ions, and we will find that the identical 
mechanism exists, as has been shown just now to be operative in coagulation. 
__As the adsorption in this case has not been definitely determined, we will not 
go further into this phenomenon. 

There is a series of other colloid chemical processes in which adsorption 
is certainly of considerable importance, even though they have not been so 
lucidly explained. These are the phenomena which appear when hydrophilic 
colloids like gelatin, albumin and others act upon hydrophobic sols. As is 
known, there are two possibilities: a small concentration of many of these 
hydrophilic colloids sensitizes, i.e., in their presence a smaller concentration of 
the electrolyte suffices to cause coagulation than in their absence. With larger 
concentrations they act, however, protectively—some colloids appear to exert 
exclusively a protective action—i.e., coagulation by electrolytes is strongly in- 
fluenced, it requires a much greater concentration than in the absence of the 
colloid. When Fe,O, sol was sensitized by albumin it can definitely be shown 
that an adsorption-like combination between Fe,O, particles and albumin 
takes place ** and for the protective action of gelatin for gold, the same con- 
dition holds.** The peculiarities of these reactions still raise many a prob- 
lem which is not yet definitely solved and which will therefore not be further 
discussed here. It may, however, be stated that perhaps a special position 
of the hydrophilic colloid particles in the adsorption space, similar to that 
which Langmuir (p. 576) had assumed, might have to be invoked in order 
to explain the observed phenomena."* 

Finally just a word about the so-called retrogression of adsorption. If 
a sol be coagulated by means of a dyestuff, it is sometimes observed that 
initially the solution becomes entirely colorless, because the coagulated flocks 
have carried all of the dyestuff with them. In the course of time the solu- 
tion becomes colored however, for the flocks have become larger, more crystal- 
line and on account of the concomitant surface reduction, the adsorbed sub- 
stance is in large measure returned to the solution. The velocity of the 
diminution in surface can be followed by means of the velocity of the retro- 
gression in adsorption. Similar phenomena are also met without coagulation 
taking place, as for instance, in the crystallization of melts containing im- 
purities, or in the precipitation of crystals from solutions containing im- 
purities. The fine crystals which are first precipitated are often at first 
uniformly surrounded by impurities; they become coarser with lapse of time 
and force the impurities out, similar to what was observed in the retrogres- 
sion of adsorption. 
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Adsorption by Precipitates 
By Pror. Harry B. WEtsER, The Rice Institute, Houston, Texas 


The contamination of precipitates by adsorption of substances dissolved 
in the solution from which they separate is a general phenomenon; but the 
extent of such contamination varies widely with different precipitates, de- 
pending as it does on the nature and physical character of the solid and on 
the nature and concentration of the salts in solution. As a rule the less 
granular and more finely divided a precipitate, the greater the adsorption ; 
but this is not always the case. Thus barium sulfate thrown down in a crystal- 
line form from a hot dilute hydrochloric acid solution containing potassium 
chloride, adsorbs potassium quite strongly whereas lead sulfide formed under 
similar conditions, carries down relatively little potassium in spite of the 
amorphous character of the precipitates. The tendency of barium sulfate to 
carry down potassium salts characterizes its behavior toward a large number 
of other substances. For this reason it will be used to illustrate the phe- 
nomenon of adsorption during precipitation. 

Because of the intrinsic importance of barium sulfate in quantitative 
analysis, its adsorptive power has been the subject of numerous investiga- 
tions. More than 50 years ago Glendenning and Edgar! observed that this 
salt precipitated in the presence of soluble ferric salts carried down iron in 
some form. Schneider’? suggested that the iron salt forms a solid solution 
with the insoluble sulfate; while Richards * compared the contamination with 
. ferric sulfate to the occlusion of hydrogen by palladium, a phenomenon which 
probably involves both solid solution and adsorption. Most investigators are 
now of the opinion that the carrying down of iron as well as other sub- 
stances during the precipitation of barium sulfate is primarily an adsorption 
process. Indeed the adsorption theory seems to offer the only plausible ex- 
planation of the fact that this salt carries down all manner of substances 
from either true ° or colloidal solutions.® 

The first systematic investigation of the adsorption by barium sulfate of 
a large number of cations under strictly comparable conditions was made by 
Johnston and Adams.‘ The results of their observations as recorded in 
Table I give the amounts in millimols and milliequivalents of the sulfates of 
the various metals adsorbed by 1 gram of barium sulfate when precipitated 
from solutions about 0.003 N in hydrochloric acid and containing the metallic 
chlorides in the initial concentration A =O and B=0O.1 N. “The time of 
precipitation was 4 minutes and the time of standing 4 hours. The adsorp- 
tion values obtained under these conditions are of the same order of magni- 
tude; nevertheless they show considerable variation. If the values are ex- 
pressed in equivalents, one can detect the tendency for ions of higher valence 
to be more strongly adsorbed in accord with what is known as Schulze’s 
Law.s This tendency is less marked if the adsorption values are expressed 
in mols. Moreover, when so expressed the adsorbability of trivalent aluminum 
is less than that of either the univalent or divalent ions. In this respect 
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TABLE I 
Sulfate Adsorbed by 1 Gram Barium Sulfate 
A B 

Metals Milliequivalents Millimols Milliequivalents Millimols 
By ae reste Wa an, Nae Sucks, 0.048 0.024 <a —- 
BP Piet dts CW iaaloet coe? 0.033 0.033 0.040 0.040 
Sodium eM ee lche he nator annie iar 0.029 0.029 0.043 0.043 
POPASSTUIN a sicre otk eV es = pe wide 0.033 0.033 0.035 0.035 
TSINEECT UN Ae Aaa ae a 0.051 0.017 0.060 0.020 
Petroustirone ion.) PS 0.074 0.037 0.120 0.060 
INTIS SE ohh ee ena ae 0.062 0.031 0.100 0.050 
OD DET Res ct 2 atch» Sh ceweok 0.082 0.041 0.100 0.050 
CBIING,. 9a eens ACEO Ree 0.080 0.040 0.100 - 0.050 
Manganese PSEA BES Bp Pee 0.128 0.064 0.160 0.080 
(CEYIGRTISI0F Sy pi aveo Aan A Geren eee, 0.160 0.080 0.180 0.090 


aluminum appears quite different from trivalent lanthanum which Frion ® 
found to be adsorbed by barium sulfate much more strongly than divalent 
magnesium. 

When an alkali sulfate is precipitated with barium chloride in excess, 
the most usual procedure in sulfate analysis, the determinations are too low 
since some sulfate is weighed as alkali sulfate calculated as if it were pure 
barium sulfate. Opposed to this is the adsorption of chloride probably as 
barium chloride which tends to make the analytical results too high. The 
latter effect predominates in the precipitation of H,SO, by BaCl, and of 
BaCl, by H.SO,.*° Hulett and Duschak ™ found it possible to obtain exact 
results in such determinations by estimating the chlorine content of the pre- 
cipitate and deducting the barium chloride equivalent from the weight of the 
crude barium sulfate. 

Although the adsorption of chloride ion by barium sulfate is appreciable, 
Mendelejeff,’? long ago, showed it to be negligible compared to that of nitrate. 
This was confirmed in the author’s laboratory ‘* in the course of an in- 
vestigation of adsorption of various ions by barium sulfate formed on mixing 
sodium sulfate with a definite excess of the barium salts of the respective ions. 
The extent of the adsorption was determined by direct analysis of the washed 
precipitate. In Table II the ions are arranged in the order of adsorption 
beginning with the most strongly adsorbed ferrocyanide. From ‘a considera- 
tion of this order and of the absolute amount of the adsorption in each case, 
there is little to suggest Schulze’s Law. For although a quadrivalent ion 
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Adsorption of 100 Mols BaSO, 


Anion Gram Equivalents Gram Mols 
IMSOHORVAMEIS op aoouneaccaswaccgoouobcus 13.201 3.300 
INGCra LOM ree eile hei icsa aN ci eierscarm cachanmasns 8.482 8.482 
INMISEIROM “4 eSBs Grd CVO Ole hola konto et tc 7.467 7.467 
(Ghilorateame nee le act Sabner elon sds beset 3 5.837 5.837 
Betmancanatemmteie timeistiee treater 2.847 2.847 
Herrocyanide. mute ieiihs src tere lao. 2.695 2.695 
Ciilermickin $1.0 Aosataaden Ocwompoae me paanrec 1.760 1.760 
[Bi iay a auV6loe kia baxeelerd v eran GRO cele Bee ae Beene te 0.831 0.831 
Gvanideme meta titans tae tre sists ea 0.310 0.310 
SrlireNEle Geli poageinon poco mold 0.220 0.220 


iIteYebtaks: doa ae 00 ba Poo Ooh bcemoommo Der 0.056 0.056 
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appears to be adsorbed most strongly there are four univalent ions more 
strongly adsorbed than trivalent ferricyanide. Furthermore, contrary to what 
is implied in Schulze’s Law, there is a wide variation in the amounts of 
univalent ions adsorbed; nitrate being carried down 150 times more strongly 
than iodide. : 

Although chemically dissimilar ions of the same valence may show a wide 
variation in the degree of adsorption thus indicating that adsorption is a 
specific property of ions, it was observed that nitrate and nitrite ions, which 
are more nearly related chemically, were carried down to about the same 
extent. This suggests that the adsorption of ions by a given disperse phase 
is determined by two factors: the specific adsorbability of the ion and the 
valence of the ion. By choosing a series of ions of much the same general 
character, thus minimizing the specific factor, it is possible to emphasize the 
effect of valence. For example a comparison of the adsorption of various 
cyanides by barium sulfate, Table III, discloses an unmistakable tendency for 
ions of higher valence to be adsorbed most strongly. 


TABLE III 
Anion Valence Adsorption Value 
Berrocyanidegmnnia eer trance er 4 13.201 
Berricyanides sae te ee. ee 3 2.695 
Sulsocyanatea spect et aere 1 0.220 
Cyanide es entree che airy tee 1 0.310 


On account of the adsorption of both positive and negative ions by barium 
sulfate and the effect of acids and salts on its solubility, the accurate deter- 
mination of sulfate as barium sulfate can be accomplished only by choosing 
the conditions so that errors due to adsorption and to solubility compensate 
each other. 


THE PRECIPITATION OF SOLS 


Adsorption of Precipitating Ions. 


Thirty years ago Linder and Picton found that the cations of electro- 
lytes added to precipitate colloidal arsenious sulfide were carried down in 
the precipitate. Since the colloidal particles were negatively charged it seems 
logical to conclude that the adsorption of positive ions neutralizes the charge 
on the particles thus allowing coalescence and agglomeration. If this be true, 
one might expect to find equivalent amounts of various ions carried down 
during the precipitation of constant amounts of sol. This conclusion has 
been tested by Whitney and Ober,’* Freundlich ?® and recently by the author 
with sols of widely varying concentration. From the results of these observa- 
tions recorded in Table IV, it will be observed that the amount of adsorp- 
tion of various ions approach equivalence in case the same sol is considered. 
However, contrary to Freundlich’s belief, the adsorption for the same ions 
varies widely with different sols, just as might be expected when we con- 
sider the possible differences in purity, stability, and size of particles that 
obtain with different preparations. It will be noted that the variatioi from 
equivalence in the adsorption of calcium, strontium, and barium ions for 
each sol used by the author, is less than in the oft-quoted observations of 
Whitney and Ober; yet it is not permissible to conclude, a priori, that these 
variations are the result of experimental error. Some observations on ad- 
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TABLE IV- 
Cone. of Adsorption Milli- 

Metal Colloid AsoSs equivalents per G. Observer 
Barium AES Age eon ear 6.42 0.115 Weiser 
Strontium Lenets. Out Ree 6.42 0.107 Weiser 
aletumap eee 6.42 0.093 Weiser 
Barium Bibs Shine RAF ore Rad bite 4 11.80 0.060 Weiser 
BSCOUUMEE toy ayaa seen ccs oe 11.80 0.056 Weiser 
Paleiimgly see . als. . o eee. 11.80 0.043 Weiser 
Barium Se Tek 21.50 0.072 Weiser 
Strontium eee Soci he 21.50 0.069 Weiser 
FSAI CLUTTE: Maa Ae emer Oh he 21.50 0.073 Weiser 
Barium igh SH Sen ae ete 29.00 0.049 Weiser 
Strontium Se Goma a ee eS 29.00 0.046 Weiser 
eolcitiinwe ros. eer ce je 29.00 0.050 Weiser 
RTE Ot sR A ae ee 10.00 0.110 Whitney and Ober * 
Strontium aint ee nT. a eee 10.00 0.082 Whitney and Ober 
Cal cininer Arun ok len les a 10.00 0.100 Whitney and Ober 
Anilin . euby Sec Dai ied ahs — 0.074 Freundlich 
INeurach sine iatlse see — 0.076 Freundlich 
PB ARIUIMipenas aaa Se cee. ls « 3.33 (approx.) 0.086 Linder and Picton™ 
aia er I aera. my te oi 2 4.14 0.088 Freundlich ” 
Ceriiinte tae ee ore en eS 4.14 0.069 Freundlich 


sorption during the precipitation of colloidal alumina bear on this point. In 
these experiments 150 c.c. portions of sol containing 1.15 gram Al,O, per - 
liter were precipitated with 50 c.c. of N/50 electrolyte and the adsorption 
determined by analysis of the supernatant liquid. The results are given in 
Table V. In addition to the anions listed, experiments with thiosulfate and 
phosphate were carried out; but the values for these ions are omitted since 
their accuracy is doubtful, the first because of contamination of the precipi- 
tating solution with sulfate; and the second because of the improbability that 
the precipitating anion is PO,’’’ rather than H,PO,’ or HPO,”. 

Although the maximum variation in adsorption by alumina is quite ap- 
preciable, it is really no greater than observed by Freundlich and Gann ”° 
with colloidal alumina and much less than found by Freundlich and Schucht ** 
with colloidal mercuric sulfide. Yet Freundlich offers his data as proof 
of equivalent adsorption of ions during the precipitation of sols and attributes 
the variation to the limitations of the experimental method. This explana- 
tion cannot account for the variation noted in Table V. While Freundlich is 
doubtless right in concluding that adsorption of equivalent amounts will 
effect neutralization, the actual amount of an ion carried down is determined 


TABLE V 
Adsorption Precipitation Value 
Milliequivalents Potassium Salts 
per Milliequivalents 
Anion Gram per Liter 

SROLNGKE Seo soccc ang b6G0 DOoDPrOE EEE 1.280 0.375 
HeTricvallden mame ieetth co iaete ten keynes 1.214 0.400 
SiG metal Wake» Aleyen ees dutatarca 3 oT HERON LOR cele Oe TIC OT 0.997 0.538 
Oxalatemmer aa cine Laie cept led lana wenitenpheuetec's 1.142 0.700 
Ghromatem waht ss cs So PO CO aIOe 0.870 1,300 
DD fitonatCueme een aie tik cars ot ec cov och 0.657 1.625 


IIChrOmatenmcrt caste t se ba tate elas Lee 0.629 iL as 
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TABLE VI 
Oxalate Chromate 
Concentration of Adsorption Concentration of Adsorption 
Solution Milliequivalents Solution Milliequivalents 
Milliequivalents per Gram Milliequivalents per Gram 
per Liter FesOg per Liter Fe.03 
L238 Haixscoviaissa erates coe reertets 0.7000 LALO ei perace oe cvee cree siete 0.7500 
LIES ota santtgench crcarkcsre oy cater 0.7430 PAA CaPsk ceeaeata ce some 0.7869 
WAAR ak nomena e otra sent: 0.7807 L618. eta coeur 2a tebras 0.8316 
AAT apes etme ooh ete 0.8254 EJS 25 tome Moers So rae 0.8658 
1 ey bat Shreve Saas pote tee 0.9000 Roe bemayoies an Oo eL Daa Oe 0.8974 
ley foe Pose Rapa ts Oe Sa Ann has 0.9720 20 Siete erent es cee orere 0.9290 
MOG OES ee CS AENS Mo arcmate 1.0263 Dlind od steel ao ee cmenacsr ee 0.9570 
Delt | ars dens TNO Cale Ae 1.0790 


* Precipitation concentration, 


(a) by adsorption of the electrically charged particles during neutralization 
and (b) by adsorption of salt by the electrically neutral particles during the 
process of agglomeration and settling. The amounts of (a) are equivalent but 
the amounts of (b) vary with the nature and concentratiog of the electro- 
lyte. Salt adsorption by the precipitated sol was clearly demonstrated by 
experiments ** with the slightly hydrous Pean de St. Gilles ferric oxide sol, 
using the potassium salts of oxalic and chromic acids as precipitating electro- 
lytes. The results recorded in Table VI show a gradual increase in adsorp- 
tion of electrolyte with increasing concentration of the latter above the pre- 
cipitation value. The increased adsorption above the precipitation value was 
all due to adsorption by the electrically neutral particles; and it is altogether 
likely that a large part of the electrolyte carried down at the precipitation 
value was adsorbed during agglomeration. For this reason, Freundlich’s 
conclusion, that equivalent amounts are adsorbed at the precipitation con- 
centration, cannot be generally true since this would mean either that the 
neutralized particles do not act as an adsorbent or adsorb all ions to the 
same extent. Moreover the variability of the precipitation concentration will 
necessarily result in variation in the degree of saturation of the adsorbent by 
the adsorbed phase. One should expect the adsorption values of various 
ions to approach equivalence more nearly the less the adsorption capacity of 
the precipitated particles. This probably accounts for the values being more 
nearly equivalent with an arsenious sulphide sol than with an aluminum oxide 
sol having many times the adsorption capacity. 

If the variation from equivalence arises from adsorption after neutraliza- 
tion, then it should be possible to arrange the ions in the order of their 
adsorbability. From the observations recorded in Table V the order of ad- 
sorption is as follows: Ferrocyanide > ferricyanide > oxalate > sulfate > 
chromate > dithionate > dichromate. Considering the precipitation value of 
the several ions we find the order of precipitating power beginning at the 
greatest to be: Ferrocyanide > ferricyanide > sulfate > oxalate > chro- 
mate > dithionate > dichromate. The order of adsorption determined di- 
rectly is the same as the order deduced from precipitation data with the ex- 
ception of oxalate and sulfate which are reversed. These observations lend 
support to the view that the most readily adsorbed ion precipitates in lowest 
concentration and vice versa. 

With electrolytes having univalent precipitating ions, the precipitation 
value is usually so high that the change in concentration resulting from 
adsorption during precipitation is too small to measure with any degree of 
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accuracy. However, the author has determined the relative adsorbability of 
univalent ions during the precipitation of sols by an indirect method that 
- consists essentially in determining the effect of the presence of univalent pre- 
cipitating ions on the adsorption of an easily estimated multivalent ion. 
In a specific case, colloidal arsenious sulfide was precipitated with mixtures 
of barium chloride and a chloride of a univalent element and the adsorption 
of barium ion determined with the results recorded in Table VII. From the 
observations it will be noted that univalent ions cut down the adsorption of 
barium in the order: lithium > sodium > potassium > hydrogen. Since, 
under otherwise constant conditions, one should expect the adsorption of a 
given cation to be cut down by the presence of a second cation in proportion 
to the adsorbability of the latter, it follows that the order of adsorbability 
of the univalent ions is: hydrogen > potassium > sodium > lithium. This 
is exactly the same as the order deduced from the precipitation values of 
salts assuming that the salt containing the most readily adsorbed cation pre- 
cipitates in lowest concentration. 


TABLE VII 

Precipitation Values 

Electrolyte Added to 100 c.c. Sol Barium Adsorbed Milliequivalents 
Total Volume 200 c.c. Grams per Liter 

INS Oma Clay SSC Cy ite: seunetiicdsrsctel ote hes 0.0078 BaCl, 3.45 
N/SO PE Bees WNW EG S10) ero sae nae 0.0039 IC SES 
NiO ken “GON CCN /2 NaCl 30°ech an. « 0.0031 NaCl 93.7 
NO Meme SUC CAUN/ 2. KCl aesOncice fe... 0.0026 KCl 83.8 
NVSIOL, Se 0 een INV) JEIC SUN Cn canoe 0.0015 iG 65.0 


The observations recorded above point to a qualitative relationship be- 
tween the precipitation value of electrolytes and the adsorbability of the 
precipitating ions in the sense that the electrolyte containing the most readily 
adsorbed precipitating ion, precipitates in lowest concentration. But even 
this qualitative relationship fails to hold in many instances since the pre- 
cipitation value of an electrolyte is influenced by a number of factors other 
than the adsorbability of the precipitating ion among which may be mentioned 
the adsorbability of the stabilizing ion of the electrolyte in question, the 
purity of the sol, the hydrogen ion concentration, etc. Considering only 
the adsorbability of the precipitating ion the deduction of Dhar, Sen and 
Ghosh 2* that the most readily adsorbed ion requires the highest concentra- 
tion to produce precipitation, is both theoretically and experimentally unsound. 


Adsorption of the Stabilizing Ion. 


It has been recognized for a long time that the precipitation value of 
an electrolyte for a sol is larger the greater the adsorbability of the stabilizing 
ion, the ion having the same charge as the sol. Thus, the precipitation value 
of sodium hydroxide for a negative platinum sol is five times greater than 
of sodium chloride because of the marked adsorbability of hydroxyl ion. 
Other typical examples are given in Table VIII. If the adsorption of the 


ANB |S, WUD 
Precipitation Value 
Sol Sign Milliequivalents per Liter 
Pt Negative Na*Cl 2.5 Na*OH 13.0 
Fe(OH); Positive IsKGiby 400.0 3aClo* 9.64 
As2Sa Negative K*Cl So, Ky*Fe€(CN)o 71.2 


* Precipitating ion. 
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stabilizing ion is sufficiently great, it is possible to bring about a complete 
reversal of the charge on a sol by adding a suitable amount of electrolyte 
all at once. Thus if an amount of sodium hydroxide slightly in excess of 
the precipitation value is added to a highly purified chromic oxide sol, no 
precipitation takes place but the particles change in sign from positive to 
negative owing to strong adsorption of hydroxyl ion. Among other ex- 
amples of such charge reversal may be mentioned the action of NaOH or 
Na,HPO, on a positive ferric oxide sol** and of FeCl; or Ale(SOu)s 
on a negative mastic sol.” 

The action of the stabilizing ion varies with the concentration of electro- 
lyte necessary to cause precipitation. This is partly responsible for the absence 
of direct proportionality between the precipitation value of electrolytes and 
the concentration of sol. Thus Kruyt and van der Spek ** found that the 
precipitation value of potassium chloride decreases with decreasing concen- 
tration of colloid while the precipitation value of barium chloride does not 
change appreciably with the dilution. Similar results were obtained by Bur- 
ton and Bishop?’ with colloidal arsenious sulfide and mastic.** Some in- 
vestigations 2? were carried out in the author’s laboratory using colloidal 
chromic oxide, Prussian blue, Péan de St. Gilles ferric oxide and arsenious 
sulfide. The results of a series of experiments on colloidal ferric oxide 
and arsenious sulfide are given in Table III and shown graphically in Figures 
1 and 2. The concentration of the colloid is expressed in per cent, taking 
the most concentrated as 100 per cent. The curves in the figures were ob- 
tained by plotting concentration against ratio of each precipitation value for 
a given electrolyte to that of the strongest colloid. In the case of ferric 
oxide sol, the effect of dilution on the precipitation value of electrolytes is 
clearly not in accord with Burton and Bishop’s rules *° that the precipitating 
action of univalent ions increases and of trivalent ions decreases with de- 
creasing concentration of sol; while that of divalent ions is almost inde- 
pendent of the concentration of the sol. With colloidal Prussian blue and 
chromic oxide as well as with colloidal ferric oxide the precipitation value 
of all electrolytes decreases as the concentration of the colloid diminishes irre-. 
spective of the valence of the precipitating ion. With colloidal arsenious sul- 


TABLE IX 
PRECIPITATION OF FERRIC OXIDE COLLOIDS 


Precipitation Values of 


Concentration of Colloid KBrOsz KeSO,4 KyFe(CN).¢ 
OOM per .centas...ete cee 40.1 0.68 0.57 
(1.7 g. per 1.) 

a0 P percents ee eenr at coe 34.4 0.41 0.30 
PARAS peel mincates OxiD Ubud ued 28.0 0.25 0.16 
12:5) petacetit:..oh act recon 25.0 0.16 0.08 


PRECIPITATION OF ARSENIOUS SULFIDE CoLLorps 


Precipitation Values of 


Concentration of Colloid KCl BaCly AICls 
100: perycentaenerey penne ee 68.3 1.940 0.51 
(6.24 g. per 1.) : 

Si per®icent a. pameeeryee cee mee 68.3 1.877 0.473 
20 “per scentianccea eee mete 70.0 1.800 0.380 
20: ADT) ICeNE soar Serer eee 76.7 1.733 0.333 


10\" percent sane eee eee 80.0 1.633 0.260 
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fide the precipitation value of potassium ion increases and of aluminum ion 
decreases as the concentration of the colloid diminishes, in accord with Burton 
and Bishop’s rules. However, from the slope of the curve in Fig. 2 it is 
obviously incorrect to say that the precipitating action of divalent barium ion 
is independent of the concentration of the colloid; this is no more true of 
barium than of potassium ion. 


oo 


ee ea Za 
KAVAR AE 


1-Ki3grO3z 
2-K2S0. 


ta 


3-KgFO(CN)6 


Vie, 


Kruyt and van der Spek conclude from their experiments that two factors 
determine the effect of dilution of a colloid on the precipitation value of 
electrolytes: First, the decreased number of particles which diminishes the 
amount of electrolyte necessary to cause sufficient adsorption to lower the 
charge on the particles to the point where agglomeration takes place; and 
second, the increased distance between the particles which decreases the chance 
of collision. This latter effect must be compensated by greater lowering of 


ny 


Fie. 2. 


the charge, hence by the addition of more electrolyte. Since these two fac- 
tors have opposite effects on the precipitation value, it is only necessary to 
assume the predominating influence of one or the other in order to account 
for the results in a given case. Thus, Kruyt and van der Spek assume that 
the effect which results from changing the chance of collision of particles 
predominates in the precipitation of colloidal arsenious sulfide with potassium 
ion; while the effect which follows from changing the amount that must be 
adsorbed predominates in the precipitation of colloidal hydrous ferric oxide 
with chloride ion. This difference in behavior with precipitating ions of the 
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same valence is attributed to the hydrophillic properties of hydrous ferric 
oxide. 

Although both of the factors recognized by Kruyt and van der Spek un- 
questionably have an influence in determining the effect on the precipitation 
value of changing the concentration of sol, it would seem that these factors 
in themselves are inadequate to account for all the experimental results. The 
explanation suggested to account for the difference in behavior of colloidal 
arsenious sulfide and hydrous ferric oxide with univalent precipitating ions 
is of doubtful value particularly since mastic emulsion *' gives results similar 
to those with colloidal arsenious sulfide although mastic certainly possesses 
more hydrophile properties than Péan de St. Gilles’ ferric oxide. Further- 
more, if the decreased chance of collision is the predominating factor that 
prevents a weaker colloidal arsenious sulfide from coagulating in a given time 
in the presence of enough potassium chloride to coagulate a stronger sol, 
it would seem that complete coagulation of the weaker sol should result if 
sufficient time were allowed. As a matter of fact, however, enough potas- 
sium chloride to precipitate in two hours a colloid containing five grams per 
liter will not precipitate a colloid one-fourth as strong in three weeks. Other 
observations indicate that Kruyt and van der Spek attach too much impor- 
tance to the decreased chance of collision of the particles resulting from 
dilution of sols. Thus, everyone finds that the precipitation concentration 
varies almost directly with the concentration of sol in case the precipitating 
ion is of high valence. 

That the theory of Kruyt and van der Spek should be inadequate in cer- 
tain respects might be expected, since these investigators concerned them- 
selves only with the precipitating ions of electrolytes disregarding entirely 
the effect of adsorption of the stabilizing ions having the same charge as the 
colloid. If there is no adsorption of the stabilizing ion and if the adsorption 
of the precipitating ion is very great, there will be a tendency for the pre- 
cipitation concentration to vary directly with the concentration of the sol. 
On the other hand, if the stabilizing ion is adsorbed, a greater concentration 
of precipitating ion will be required to produce coagulation. This effect will 
be more pronounced the greater the dilution of the sol since the decreased 
chance both of collision and coalescence will combine to render the sol more 
stable so that proportionately more of the precipitating ion must be added 
for complete precipitation. These conclusions are in accord with experimental 
results. 

With electrolytes having multivalent precipitating ions, the influence of 
the stabilizing ion is frequently very small since the adsorption is so slight 
at the very low precipitation concentration. Under these conditions the pre- 
cipitation value decreases to a greater or lesser extent as the concentration 
of the colloid decreases. As might be expected, the greater the valence of 
the precipitating ion and hence the lower the precipitation value, the more 
nearly we find the precipitation concentration varying directly with the con- 
centration of the sol. » ie 

With electrolytes having univalent precipitating ions the precipitation 
value is usually quite large. Although this is generally considered to be due 
to weak adsorption of the precipitating ion, the adsorption of the stabilizing 
ion cannot be disregarded at the high concentration necessary for coagulation. 
In fact, if the adsorption of the two ions is of the same order of magnitude, 
both may be taken up fairly strongly and a high precipitation value will re- 
sult. Considerable experimental evidence * indicates that potassium ion and 
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lithium ion are fairly strongly adsorbed by arsenious sulfide, the high pre- 
cipitation value of potassium chloride or lithium chloride for this colloid 
arising from appreciable adsorption of chloride ion. On the contrary, the 
high precipitation value of potassium chloride for colloidal hydrous ferric 
oxide is due to weak adsorption of the precipitating ion, the stabilizing ion 
having much less effect than with colloidal arsenious sulfide.** In general 
it may be said that the adsorption of the stabilizing ion varies widely but 
is never negligible if the electrolytes precipitate only in high concentration 
as is usual with electrolytes having univalent precipitating ions. This ad- 
sorption of the ion having the same charge as the sol, renders the latter 
more stable and proportionately more of the precipitating ion is required for 
’ coagulation than in those cases where the influence of the stabilizing ion is 
negligible. Under these conditions we may expect the precipitation value to 
fall-off much less sharply or even to increase as the colloid concentration is 
reduced, the increase being greater the greater the valence of the stabilizing ion. 


Influence of the Hydrogen Ion Concentration. 


Since hydrogen ion and hydroxyl jon are frequently very strongly adsorbed, 
the stability of sols may be influenced to a marked degree by the hydrogen 
ion concentration. This is shown clearly by some experiments on the pre- 
cipitation of colloidal hydrous chromic oxide by electrolytes. Since this sol 
adsorbs hydrogen ion strongly and so is positively charged as a rule, one 
should expect the precipitation value of electrolytes to be greater, the higher 
the hydrogen ion concentration. In the experiments recorded in Table X 
a chromic oxide sol was precipitated with mixtures of potassium sulfate and 
sulfuric acid and of potassium oxalate and oxalic acid. The precipitation 
value of the mixtures and the hydrogen ion concentration, expressed as 
Pu, before and after precipitation are given in the table. Attention should be 
called not only to the change in precipitation value but to the shift in order 


vA Bie Bex 
Precipitation 
Mixture Added to 5 c.c. nes of Aapnons Ph 
eevee 20 eres 7 ace ee ; Before Pptn. After Pptn. 
N/50 H2C20. N/50 K2C20 
3.35 0.0 3.35 3.19 3.05 
Spl 0.2 3.35 3.32 3.11 
2.60 0.5 3.10 3.40 3.17 
2.00 0.8 2.80 3.51 3.38 
0.00 1.0 1,00 5.79 9.40 
N/5C A2SO N/50 K2SO 
rises! Coes. 2.50 3.12 2.92 
2.30 0.2 2.50 3.30 3.00 
1.85 0.6 2.45 3.39 3.08 
125 0.9 2.15 3.74 317, 
0.00 te 1.10 5.61 9.35 


of anions with change in the hydrogen ion concentration. Thus sulfate pre- 
cipitates in lower concentration than oxalate below a certain py value whereas 
the reverse is true above this value. An investigation of the adsorption of 
sulfate and oxalate ion through a wide range of hydrogen ion concentration 
shows the adsorption of oxalate to be greater than that of sulfate throughout 
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the entire range, Fig. 3. This result would not be expected if the pre- 
cipitation value of an electrolyte were determined exclusively by the adsorb- 
ability of the precipitating ion. : ’ 

From a study of the influence of hydrogen ion concentration on the 
stability of sols toward electrolytes Tartar and his pupils * conclude that the 
precipitation value of all electrolytes for a given colloid is approximately 
the same at the same hydrogen ion concentration. The author’s observa- 
tions ®° fail to confirm this conclusion. However, as indicated above, two 
precipitating ions may have the same precipitation value at one very definite 
hydrogen ion concentration. 


> ow 


Milliequivalents per gram cr203. 
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Adsorption, 
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Referring to Fig. 3 it will be seen that the adsorption curve is con- 
tinuous without any evidence of discontinuity such as would be expected if 
a definite chemical compound were formed at some particular hydrogen ion 
concentration; moreover, the adsorption varies with different precipitating 
ions at the same hydrogen ion concentration. Although the adsorption falls 
off with decreasing hydrogen ion concentration it is appreciable even on the 
alkali side of the neutral point and is completely nullified only in the presence 
of an appreciable concentration of hydroxyl ion. Contrary to these observa- 
tions, Loeb ** found that only the anions of neutral salts were taken up by 
gelatin on the acid side of the isoelectric point and only cations on the 
alkaline side. As a matter of fact Loeb was working at very low salt con- 
centration and so detected no effect of cations other than hydrogen and of 
anions other than hydroxyl. At higher concentrations of neutral salts the 
specific effect of ions other than hydroxyl and hydrogen would certainly 
appear with gelatin as with chromic oxide. 
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Acclimatization. 


For a sol of constant composition the precipitation value is greater when 
the electrolyte is added dropwise through a long interval of time than when 
added all at once.** This effect is most pronounced with univalent precipi- 
tating ions and when there is fractional precipitation of the sol during the 
dropwise addition. This phenomenon has been termed acclimatization but 
the term seems to be a misnomer since the sol does not become acclimatized 
to the presence of electrolyte, in the ordinary sense. The necessity for using 
more electrolyte for complete precipitation on slow addition arises from the 
fact that the fractional precipitation continually removes ions owing to ad- 
sorption by neutralized particles; and this loss must be compensated for. 
Moreover, the effect is greatest when the precipitation value of the electro- 
lyte increases with decreasing concentration of sol such as obtains in the 
precipitation of arsenious sulphide sols with potassium chloride. In this 
case the fractional precipitation accompanying the dropwise addition of potas- 
sium salt produces sols that are successively more and more stable so that a 
relatively larger amount of electrolyte is necessary for complete precipitation. 
The factors which determine the excess required for a given slow rate of 
addition of electrolyte are (1) the extent to which the colloid undergoes 
fractional precipitation; (2) the adsorbing power of the precipitated colloid 
and (3) the relative adsorbability of the precipitating and stabilizing ions.** 


Adsorption from Mixtures of Electrolytes. 


In the classic paper to which reference has already been made, Linder and 
Picton *® observed that the precipitating action of mixtures of pairs of 
electrolytes for colloidal arsenious sulfide was not additive in case the electro- 
lytes have widely varying precipitating power.*® Since this so-called ionic- 
antagonism was not observed with gold sol and. with von Weimarn’s ** sulfur 
sol which are anhydrous but was observed with Oden’s *? sulfur sol which 
is hydrous, Freundlich and Scholz ** conclude that the hydration of the 
colloid and of the precipitating ions is of primary importan¢® in producing 
ionic antagonism and so in determining whether the precipitating action of 
mixtures shall be additive or above the additive values. This leads to the 
deduction that arsenious sulfide sol is a hydrophile sol although it is not 
usually so considered; and to the suggestion that the behavior of colloids 
with mixtures is a suitable means of determining to what extent the stability 
is influenced by hydration. These conclusions are not in accord with the 
author’s observations ** with sols of positive hydrous chromic oxide and nega- 
tive hydrous stannic oxide which possess many of the properties of 
hydrophile sols. The results of a few experiments with chromic oxide sol are 
given in Table XI. The figures represent the smallest amount of standard 
solutions diluted to 10 c.c. that will just precipitate 10 c.c. of sol in 24 hours. 
Although the sol is very highly hydrous, mixtures of electrolytes having 
widely different precipitating power such as potassium chloride and potas- 
sium sulfate do not give values considerably above the additive value such 
as Freundlich and Scholz would predict. On the contrary the values for 
such mixtures are actually Jess than additive by a quite appreciable amount. 
This might be expected in view of the fact that adsorption is relatively 
greater at concentrations below its precipitation value so that relatively less 
sulfate or oxalate is necessary to bring the combined adsorption above the 
critical value necessary for neutralization and coagulation. Such a result 
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TABLE XI 
PRECIPITATION OF CoLLorpAL CraO3; witH MIxTURES 


(a) Potassium Chloride and Potassium Sulfate 


N/2 KCl N/100 KsSO, to Complete Coagulation 
Difference 
eee rakes ae C.c. Per Cent 
22 icone ott — — — — 
1.35 — -- — 
Gis NL BIN 0.85 _ 1.05 — 0.20 19 
LO) eo tad ain Adbbaereeons ake 0.65 0.75 — 0.10 —13 
iio sete eaten oo eres moron oo 0.37 0.45 — 0.08 — 18 
PAVERS ota tan Seer Sand 0.13 0.16 —=():03 —16 
(b) Potassium Chloride and Potassium Oxalate 
N/100 KoC2O4 to Complete Coagulation 
aeietieae Taken Calculated Difference 
(Cfo CC: c.c. (Res Per Cent 
PO IES le caraleh es i rela SATE _— — = — 
1.40 — — — 
OS SRE A eae ae eee 0.92 1.10 — 0.18 — 16 
1. Ong okt ara aoe 0.65 0.79 — 0.14 — 18 
Uc Peter apeanens Seelccana Ease tec 0.40 0.47 — 0.07 —15 
ZA Ui bie Sater fy camiae cls bats 0.14 0.17 — 0.03 — 18 
(c) Potassium Sulfate and Potassium Oxalate 
N/100 Ks°O N/100 KsCsOy to Complete Coagulation 
Taken Taken Calculated Difference 
OLS: Ces c.c. C.c: Per Cent 
IRs ckakeomas coe adh cote —- 2s -_ es 
1.40 — — os 
OU Oe ere erase Oe cree roe 0.86 0.88 > — 0.02 —2 
0,675: Severed cae 0.70 0.70 0.0 0 
LOO. Rete east: 0.35 0.36 — 0.01 —3 
TABLE XII 


ApSORPTION BY Hyprous CHROMIC OXIDE OF OXALATE IN THE PRESENCE OF CHLORIDE 


Mixtures Added to 20 c.c. Colloid 


Containing 0.06 Gms. CroOg Oxalate Adsorbed 

N/2 KCl N/100 KeCoO4 H,O c.c. N/100 Millieq. per Gram 
4.50 1.35 24.15 1.35 0.225 
3.00 1.95 25.05 1.95 0.325 
1.50 2.85 25.65 2.85 0.475 
0.00 4.20 * 25.80 4.20 0.700 
0.00 8.50 21.50 7.34 1.223 
21.50 8.50 0.00 6.66 1.110 
0.00 12.00 18.00 9.42 1.570 
18.00 12.00 0.00 8.83 1.472 
0.00 15,00 15.00 11.10 1.850 
15.00 15.00 0.00 10.68 1.780 
0.00 20.00 10.00 12.46 2.076 
10.00 20.00 0.00 12.35 2.058 


* Precipitation value. 
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would follow, however, only in case there is little or no antagonistic action 
between chloride ion and sulfate or oxalate ion in the sense that the presence 
_ of each decreases the adsorption of the other at concentrations below the 
precipitation value. This is evident from the experiments recorded in 
Table XII. 

Below the precipitation concentration, a relatively large amount of chlo- 
ride has no effect on the adsorption of oxalate; and above this concentra- 
tion the adsorption of oxalate is cut down but 4 per cent by 50 times its 
concentration of chloride and less than 1 per cent by 25 times its concen- 
tration of chloride. It would appear therefore that the high precipitation value 
of potassium chloride is due to weak adsorption of chloride ion associated 
with but slight adsorption of the stabilizing potassium ion. Similar behavior 
was noted with negative colloidal stannic oxide using mixtures of lithium 
chloride and either barium chloride or magnesium chloride. 


TAB ISN XL 
PRECIPITATION OF CoLLompAL As2S3 By Mrxtures or LiCl anp BaCh 


N/100 BaCly to Complete Coagulation 


N i : 
fare Taken Calculated Difference 
€.€; C:Ce CC. OL Per Cent 

LUDA 15% SSSA ROE —— — -— — 

4.03 — — — 
0.5 4.50 3.54 0.96 BY 
DO eveyecys cao s k cuseater sate ope 4.25 3.03 1.22 38 
Deere siete a ateterege iste. aisles 3.76 2.03 1.73 84 
3 Oataw site's Neieiaty ats varias ODS 1.03 1.22 118 


The action of pairs of electrolytes of widely varying precipitating power 
on colloidal arsenious sulfide is quite different from the action of such mix- 
tures on chromic oxide. Thus the precipitating action of barium chloride 
is cut down appreciably by the presence of lithium chloride (Table XIIT) 
so that, in the presence of the latter, the amount of the former must be greatly 
increased. This is due to the marked effect of the presence of lithium on the 
adsorption of barium as given in Table XIV. Experiment 1 in this table gives 
the adsorption of barium ion at the precipitation concentration for barium 
chloride ; experiments 2, 3 and 4 give (a) the adsorption of barium ion from 
barium chloride alone at the concentration necessary to cause precipitation 
from the mixture with lithium chloride and (b) the adsorption of barium ion 


TABLE XIV 
ADSORPTION BY ARSENIOUS SULFIDE OF BARIUM IN THE PRESENCE OF LITHIUM 
Mixture Added to 125 c.c. of Colloid Containing BaSO, BarurneAdeorbed 
2.84 G. AseSs Remaining Milliequivalents 
No. N/2 LiCl N/100 BaCly H2,0 in 200 c.e. per Gram 
I 0.0 50.80 74.20 0.0284 0.072 
II 0.0 56.25 68.75 0.0319 0.078 
6.25 56.25 62.50 0.0373 0.056 
Ill 0.0 53.10 71.90 0.0302 0.074 
Ve) 53.10 59.40 0.0365 0.050 
IV 0.0 47.00 * 73.00 0.0260 0.068 
25.0 47.00 * 48.00 0.0357 0.031 


*+ 15 c.c, N/100 MgCl. 
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in the presence of lithium ion. In experiment 4 the concentration of bariur 
chloride is below the precipitation value, necessitating the addition of som« 
magnesium chloride. Since the precipitating power of these two salts is ver) 
nearly the same, the presence of a small amount of magnesium ion can have 
little or no effect on the adsorption of barium ion at this concentration. The 
concentration of lithium chloride and barium chloride used in experiment: 
2, 3 and 4 correspond to those for 0.5, 1 and 2 c.c. of lithium chloride 
respectively, in Table XIII. 

At the precipitation concentration of a mixture containing one-eighth the 
precipitation value of lithium chloride alone the adsorption of barium ion i: 
lowered more than 25 per cent; while from a mixture containing one-hal} 
the precipitation value of lithium chloride alone, the adsorption of bariur 
ion is decreased 53 per cent. Potassium chloride has a similar effect. Or 
account of the antagonistic action of potassium and lithium ion on the adsorp- 
tion of barium, the high precipitation value of alkali chlorides cannot be 
due to very low adsorption of alkali ion which would displace but little barium 
ion at concentrations below the precipitation value; but is due to fairly 
marked adsorption of alkali ion associated with appreciable adsorption of 
the stabilizing chloride ion. Indeed, it is not improbable in the case at hand 
that at certain concentrations of lithium chloride or potassium chloride below 
the precipitation value, the adsorption of chloride ion is actually greater than 
that of the cation, particularly in the presence of a divalent ion such as barium.** 


The Influence of Non-electrolytes. 


The addition of non-electrolytes to sols frequently results in appreciable 
sensitization. Thus Billitzer *® found that a negatively charged platinum sol 
could be sensitized, discharged, or even changed into a positive sol by the 
addition of suitable amounts of alcohol; Wo. Ostwald ** precipitated a silver 
sol with propyl alcohol; and Klein ** showed that negatively charged sols 
of arsenious sulfide, gold, silica, and ferric oxide were agglomerated in part 
by alcohols, whereas positively charged ferric oxide and silica were not. 
Freundlich and Rona *® observed that the addition of camphor, thymol, and 
urethanes to ferric oxide sol reduced the precipitation concentration of 
electrolytes. 

The sensitization of sols by non-electrolytes has been attributed by Wo. 
Ostwald °° and Cassuto *! to a change in the dielectric constant of the medium. 
Freundlich * suggests that the sensitization results from the lowering of the 
charge on the particles by adsorption on their surface of the organic non- 
conductor which has a dielectric constant appreciably lower than that of 
water. It has been shown that the charge, e, on a single colloidal particle, is 


__ EDr(r+d) 
oS, ed ae 


where E is the potential difference of the double layer at the surface of a 
spherical particle of radius r, D is the dielectric constant and d the thickness 
of the double layer. From this it follows that the lower the dielectric con- 
stant the lower the charge on a particle. This would mean that the amount of 
a precipitating ion that must be adsorbed to effect neutralization will be les: 
and so the precipitation value of an electrolyte will be decreased as Freundlict 
observed with ferric oxide sol. Furthermore, as the velocity of migration, u 
of a colloidal particle in an electric field is given by the expression: z 
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a decrease in D will cause a falling off in u. That such is the case was 
demonstrated by Freundlich and Rona who found for a pure ferric oxide sol, 
u = 0.4 X 10 cm./sec. for a potential of one volt/cm., while for a sol con- 
taining 5 millimols of camphor per liter, u = 0.2 X 10-¢ cm./sec. and for one 
containing 25 millimols thymol per liter u = 0.3 & 10 cm./sec. From the 
slope of the adsorption isotherms, Freundlich also deduced that the decrease 
in precipitation value will be appreciable only for electrolytes containing 
univalent precipitating ions that are weakly adsorbed; and will be very slight 
or negligible for electrolytes containing strongly adsorbed precipitating ions. 

From conclusions drawn by Freundlich as a result of his investigations 
on ferric oxide sol, it would appear to follow that the addition to colloids of 
non-electrolytes having a lower dielectric constant than water, will always 
decrease the precipitation value of electrolytes; and that this effect will be 
greater the lower the dielectric constant of the non-conductor added. These 
deductions appear to be disproven by the investigations of Kruyt and van 
Duin ** on arsenious sulfide sol. The latter found that the effect of non- 
electrolytes such as phenol and isoamyl alcohol on the precipitation value 
of electrolytes was determined by the nature of the precipitating ion; for 
univalent and trivalent ions the precipitation value was lowered; while with 
bivalent and tetravalent ions it was raised. Moreover, for any given electro- 
lyte the change in the precipitation value seemed to be independent of the 
dielectric constant of the non-electrolytes employed. Kruyt and van Duin ‘4 
studied the adsorption of non-electrolytes by charcoal and found for a given 
electrolyte, that there was a parallelism between the effect of different non-elec- 
trolytes on. the precipitation value for colloidal arsenious sulfide and the ad- 
sorption of the non-electrolytes by carbon. However, they were unable to 
account for the fact that the same non-electrolyte appears to stabilize a sol 
toward certain electrolytes and to sensitize it toward others. Some experi- 
ments of the author © throw light on this anomaly: The precipitation value 
of barium chloride for a sol containing 31.3 g. As.S; per liter was deter- 
mined both in the presence and in the absence of phenol and isoamyl alcohol. 
The precipitation values of certain mixtures of BaCl, and AlCl; were also 
determined. The precipitating action of such mixtures is approximately addi- 
tive.°° The values expressed in cubic centimeters of solutions necessary to 
precipitate 100 c.c. of sol in a total volume of 200 c.c. are given under the 
heading “solutions mixed” in Table XV. The adsorption of barium ion under 
these several conditions was also determined as given in the last column of 
the table and as shown graphically in Fig. 4. 

Comparing the result of experiment I with that of experiment II, it 
will be observed that the adsorption is less in the presence of phenol although 
the amount of electrolyte that must be added to effect precipitation is greater. 
This means that the sol is sensitized, in the sense that less barium ion must 
be adsorbed in order to lower the charge on the particles below the critical 
value necessary for agglomeration and precipitation. The fact that a higher 
concentration of barium must be present to cause precipitation of the sensi- 
tized sol is due to the marked influence of the adsorption of phenol on the 
adsorption of barium ion. This is demonstrated clearly in experiment III in 
which the adsorption of barium in the presence of phenol is determined at 
the concentration of electrolyte that will cause precipitation in the absence 
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TABLE XV 
Apsorprion or BarrumM Ion By ARSENIOUS SULFIDE 
Solutions Mixed with 100 e.c. Colloid Containing 
31.5 G. AseSs BaSO, rie Barium pS 
p ini ms 
No. iN ea rin TEE Car ee 
I 31.40 0) 68.60 0.0502 0.047 0.805 
tl 42.35 50 7.65 0.0751 0.041 0.708 
III 31.40 50 15.00 * 0.0531 0.038 0.657 
IV 20.00 50 21.70 + 0.0314 0.031 0.538 
V 10.00 50 28.20 + 0.0134 0.022 0.381 
Isoamyl 
alcohol 
VI 39,36 50 10.64 0.0680 0.044 
VII 31.40 50 16.10 § 0.0520 0.042 
* + 3.60 cc. N/100 AICIs. 
++ 8.30 cc. N/100 AICIs. 
$+ 11.80 cc. N/100 AICI. . 
§ + 2.50 cc. N/100 AICI. 
eecies! 
el 


ros 
3 
(Gf mole AS253) 


¢ with phenol 
1/ —e with isoaniy/ alcohol 
fi 0 without nei7-electrolyte 
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of phenol. It will be noted that the adsorption is cut down almost 20 per 
cent. This cutting down of the adsorption is not due to the very low con- 
centration of aluminum ion (0.0018 N) since there is very little if any an- 
tagonistic action under these conditions. Similar results were obtained with 
isoamyl alcohol as shown by experiments VI and VII. 

Comparing experiment III with VII, it will be noted that the adsorption 
of barium at the precipitation value of BaCl, in the presence of phenol is 
less than that in the presence of isoamyl alcohol. This indicates that phenol 
has sensitized the sol more than the alcohol, a result that might be expected 
from a comparison of the dielectric constants of the two compounds. It 
should be pointed out, however, that the concentration of phenol is higher 
than that of the alcohol; moreover, we have no measure of the relative adsorb- 
ability of the two non-electrolytes by the colloidal particles. One compound 
that is strongly adsorbed may have a greater effect than the same concentra- 
tion of another compound having a higher dielectric constant, that is, less 
strongly adsorbed. 

Attention should be called to Fig. 4 which shows that the adsorption 
of barium below the precipitation concentration follows the well-known ad- 
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sorption isotherm, Such a result was predicted by Freundlich and was in- 
dicated by some earlier observations of the author.® 

As already noted the precipitation value of potassium chloride is lowered 
quite appreciably by the presence of phenol. As Freundlich pointed out °° 
this is probably due to the relatively flat character of the adsorption isotherm 
for univalent precipitating ions. With such ions the change in adsorption is 
usually very slight for relatively large changes in concentration; conversely, 
a slight decrease in the adsorption necessary for lowering the charge on the 
particles below the critical value will be marked by an appreciable lowering 
of the precipitation value. Thus a lowering of 10 per cent in the amount 
that must be adsorbed, such as observed in the preceding experiment, may 
cause a lowering in the precipitation value of 50 per cent or more, if no 
other factors enter in. As a matter of fact, the presence of phenol doubt- 
less cuts down the adsorption of potassium ion,* a circumstance that would 
tend to increase the precipitation value. This effect is of course much less 
marked than in the case of barium chloride since the concentration of potas- 
sium ion is approximately 100 times greater than that of barium ion. More- 
over, the high precipitation value of potassium chloride results, in part, from 
the fact that the adsorption of chloride ion at certain concentrations, is com- 
parable to that of potassium ion.®® Since the presence of phenol doubtless 
cuts down the adsorption of chloride ion as much or more than that of potas- 
sium ion, this amounts to a sensitization of the sol and a consequent decrease 
in the precipitation value. With barium chloride as precipitant, the concen- 
tration of the relatively slightly adsorbed chloride ion at the precipitation value 
is too low to have any appreciable influence. 

We may now consider what will be the influence of a like amount of 
phenol or isoamyl alcohol on the precipitation value of a salt with a trivalent 
precipitating ion such as aluminum chloride. On account of the steep slope 
of the adsorption isotherm for aluminum ion as compared with that of a 
univalent ion, one should expect the small sensitization of the sol to lower 
the precipitation value but slightly."° Opposing this, is the cutting down of 
the adsorption of aluminum ion by adsorbed non-electrolyte. This latter 
effect should also be small on account of the very strong adsorption of 
aluminum ion even in low concentration. The sum of these two opposing 
influences would be expected to give a net change in the precipitation value 
that is very slight or negligible. This is in accord with experimental observa- 
tions on several different sols and on several concentrations of the same sol. 
For more concentrated sols the difference in precipitation value of aluminum 
salts is too small to be detected; while for very dilute sols the precipitation 
value appears to be increased slightly in the presence of phenol. Since the 
concentration of aluminum ion necessary for precipitation is so low and the 
adsorption so great, the amount that remains in solution after precipitation is, 
unfortunately, too small to detect the very slight difference in adsorption that 
must exist in the presence and the absence of non-electrolytes. 
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Some Novel Aspects of Colloidal Protection 


By JEROME ALEXANDER, M.Sc., 
Consulting Chemist and Chemical Engineer, N. Y. City 


P Knowledge is like a steadily rising tide. We must keep continually advanc- 
ing with it to ever higher and higher levels, or we will be surely overwhelmed, 
and perhaps with surprising swiftness; for with new developments in science, 
the tide sometimes rises with great rapidity. How eloquent was the example 
of Sir William Thomson (Lord Kelvin), who, after retiring at the age limit 
of seventy from the position of Rector of the University where for decades 
he had served with distinction, immediately matriculated there as a student. 

Orthodox and unquestioned assumptions often break down, and old ex- 
perimental data develop new facets when illuminated from a different angle. 
There are many, however, who, because of mental or intellectual inertia, resist 
the acceptance of truths inconsistent or apparently inconsistent with previously 
accepted or “classical” ideas of science, and like Procrustes of old, try to force 
newly-come facts to fit existing theories. Even some teachers of chemistry 
look askance at data or views which do not easily fit into the already sufficiently 
numerous and complicated laws and principles which they must make plain 
to the coming generation. 

The practical man, unhandicapped by prior knowledge of what he ought to 
see and what it is unorthodox to observe, frequently makes discoveries that 
are far in advance of theoretical or scientific knowledge. Of course the per- 
centage success of the practical man is far below that of the scientifically 
trained man; but tremendous numerical superiority and close daily contact with 
the practical problems of life, enable practical men, im the aggregate, to score 
a very large number of successful hits. 

The purple of Cassius was regarded by Berzelius to be a definite chemical 
compound, for on precipitation and re-solution it acted as a unit; and for 
many years it was so accepted. About twenty-five years ago, however, Zsig- 
mondy proved it to be an adsorption compound ; he synthesized it by simply 
mixing colloidal gold and colloidal stannic acid; and just recently A. Huber * 
confirmed Zsigmondy’s proof by X-ray analysis, which showed that none of 
the gold is chemically combined with the tin. ; 

The technical use of what we now call “protective colloids” goes way back 
into the dim mists of antiquity, e.g., in Chinese and India ink. The Chinese 
used glue in the manufacture of their ink to deflocculate the lamp-black, just 
as they also used sheeps’ thyroids to aid morons—both worked. And the 
ancient Egyptians used gum (probably acacia) in their inks for the same 
reason, and made their clay as workable as that of Babylonia by the use of 
infusions of straw (see Exodus 5). _ ' 

Continually, throughout chemical literature, the use of protective substances 
crops up, only to be buried again or to be hidden in the oubliette of some rule 
of thumb formula. The alchemists of the Middle Ages produced their aurum 
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potabile by reducing solutions of gold in the presence of stabilizing ethereal 
oils; and at least as early as 1794 silk was dyed with colloidal gold. Berzelius’ 
Lehrbuch (1844) gives recipes for producing several shades of colloidal gold, 
and long prior to this (in 1821) isinglass, egg albumen, and starch were used 
for the same purpose. Graham also recognized protective action in the case 
of caramel, regarding which he said:* “The presence of sugar and of the 
intermediate brown substances, protects the liquid caramel in a remarkable 
degree from the action of crystalloids and accounts for the preceding proper- 
ties not being observed in crude caramel.’’ These remarks refer to dialyzed 
caramel, which is extremely sensitive to crystalloids, and is pectized by traces 
of mineral acids, alkali salts, etc. 

In 1897, just before Zsigmondy,? unaware of Faraday’s earlier (Phil. 
Trans. 1857, p. 145) work with “jelly” (evidently isinglass or gelatin) as a 
protector for colloidal gold, had independently rediscovered the phenomena, 
von Meyer and Lottermoser * recognized protective action as such. They drew 
attention to the fact that albumin stabilizes silver sols—a fact well known to 
practical photographers. In his book “Anorganische Kolloide,” p. 50 (1901), 
Lottermoser said: ‘On the addition of very stable colloids, as albumin, gela- 
tin, agar, or gum arabic, to a silver sol, no precipitation is caused by electro- 
lytes until the stable colloid is coagulated. The less stable silver sol is thus 
protected against the electrolyte by the more stable colloid; it becomes more 
like it in its behavior.” 

A most important contribution of Zsigmondy, however, was his demon- 
stration that stable though highly sensitive gold sols could be made without 
the use of protectors, providing the presence of coagulators was avoided, 
and the proof that these sensitive sols could be stabilized by the addition of 
gelatin, gum and the like. Then only was it that the full import of colloidal 
protection began to dawn, and the use of the principle, as such, begin to be 
understood and developed. 

Broadly speaking, a protector is a substance that opposes the aggregation 
of molecules or particles into larger groups. In general the so-called 
emulsoid colloids (e.g., gelatin, albumin, soaps, gum arabic) act as protectors 
to hydrosols; but citrates, tartrates and other substances commonly thought of 
as crystalloids may also serve as protectors. Naturally findings on hydrosols do 
not apply to sols with a non-aqueous dispersion medium. Frequently pro- 
tectors also serve as dispersers, peptizers, or deflocculators, but may not then 
yield as fine a dispersion as could be obtained by preventing the aggregation 
of particles ab initio, 

It is natural to expect that substances will vary widely in their protective 
power, if indeed they show any protective action at all; and also that a sub- 
stance which is a protector in one set of conditions may, under other conditions, 
show a different degree of protective action, or none at all. To establish some 
measure of protective action, Zsigmondy determined the number of milligrams 
of protective substance which would just fail to prevent 10 cc. of pure col- 
loidal gold solution from changing its color from red to violet upon the 
addition of 1 cc. of 10 per cent sodium chloride solution. These ruby-red 
gold sols contain 0.005-0.006 per cent of gold, and are exceedingly sensitive to 
traces of electrolytes. The subjoined table gives such “gold numbers” for 
a variety of substances, taken from the results of Zsigmondy and of Schryver. 

The results with sodium stearate indicate that the degree of dispersion of 
the protector is a very material factor in its action, just as it is in the detergent 
value of soap, and lends support to the generally accepted view of Bechhold ° 
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Substance Gold Number 
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that protective action is consequent upon the adsorption of a layer of the 
protector at the interface between the dispersed and the dispersing phase. 
The thinness of the layer seems obvious from the fact that Zsigmondy (who 
supports Bechhold’s view) could see no diminution of the Brownian motion 
caused by it, nor any ultramicroscopic evidence of its existence. Since pro- 
tectors are substances having considerable attraction for water and as a rule 
a great swelling capacity, it is not unlikely that even after ordinary desiccation 
they may swell efiough to force the constituent particles of the protected 
substance far enough apart so that they are beyond the range of molecular 
attractive forces which is ordinarily estimated to be about 50 un. 

Zsigmondy, following W. B. Hardy, classified colloid sols into two broad 
classes, based on their behavior on desiccation at ordinary temperatures—the 
reversible or resoluble, and the irreversible or irresoluble sols. These corre- 
spond roughly with the groups hydrophile/hydrophobe (Freundlich) lyophile/ 
lyophobe (Perrin), and suspensoid/emulsoid (Wo. Ostwald). Although some 
salts (citrates, sulphocyanates) may act as protectors, protection is generally 
accomplished by adding a reversible or emulsoid colloid to an irreversible one 
which thereupon acquires reversible properties; that is it becomes insensitive 
to electrolytes, redissolves after desiccation (at any temperature that does 
not render the protector insoluble) and passes through ultrafilters that would 
otherwise hold it back. ny a 

Experimentally it is a most surprising fact that certain minimal quantities 
of protectors actually sensitize instead of protecting, and may themselves 
even produce flocculation. Thus according to Bechhold,’ 0.0003 to 0.0001 per 
cent of gelatin per million will flocculate gold sols or oil emulsions. The work 
of J. Billiter’ indicates that this is due to the fact that in such cases the 
minute amount of added protector brings the other colloid to or near the 
isoelectric point, where as Hardy has shown, all colloids are especially sus- 


ceptible to coagulation.* 


* We may understand immunity as due to an antigen which has gradually, by selective adsorption, 
surrounded itself with a protective colloidal layer of sufficient quantity and quality that it may 
take up and render harmless a succeeding quantity of antigen, or else insure its agglomeration as a 
colloidal sol. Thus the ultramicroscope shows that tetanus toxin and tetanus antitoxin mutually 
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From what has been said it is evident that although in general, opposite 
charged colloids precipitate each other, if an excess of a positive protecti 
reversible emulsoid sol be quickly added to a negative irreversible (suspensoi 
sol, the protector is adsorbed and protects before precipitation can occur. | 
howevef, only a very small quantity of the protector is used, or what amour 
practically to the same thing if the protector be added very slowly, preci 
tation may occur before protection can be established. That is precipitatic 
may depend upon the speed of mixing as well as on the relative proportio: 
mixed. This gives us also an explanation of the curious “zones of precipit 
tion” investigated by Neisser and Friedemann, H. Bechhold, Teague and Bu: 
ton, A. Lottermoser, and J. Biltz.* 

It is not at all strange that the behavior of a sol should be in large measu: 
controlled by the nature of the outer layer or skin of its particles. Adhesio 
as is well known, depends upon the nature of the outside layers, and so - 
fact does chemical action; for while the nucleus of an elemental atom is main 
responsible for its atomic weight, its chemical behavior is governed by i 
outer ring or layer of electrons. 

It would be a long task to discuss the numerous cases where colloids a1 
used, wittingly or unwittingly, in scientific, medical, or technical practise, < 
protectors, deflocculators and emulsifiers, or where they must be remove 
because their presence is detrimental. Problems of this kind abound in suc 
widely diverse fields as photography, metallurgy, brewing, rubber, pape 
glass, filtration, cooking, cement, agriculture, tanning, paints, pharmacy 
biology, etc. Colloidal sols exist everywhere in the organism, and no reactio 
takes place there without being influenced by their presence. 

To illustrate the working of protection just compare precipitates of silve 
chloride and tin or lead “trees” made in the presence of, and in the absenc 
of gelatin. Or divide a lead acetate solution into three parts, adding a littl 
hot gelatin solution to the last. The first will give with hydrochloric acid 
curdy precipitate of lead chloride; the second will give with sodium chlorid 
(which is less highly ionized than HCl) a turbid lead chloride sol; while th 
gelatin containing solution will, preliminarily at least, show no visible turbidit 
with sodium chloride. 

A capital instance of the effect of colloidal protection is seen in the case o 
milk, where the casein, an unstable colloid, is protected or stabilized by lact 
albumin. In the older books this relation of the two proteins was obscures 
by the practise of reporting their sum as “total proteids”’; but the followin; 
table, based on the averages of Koenig, at once shows the great difference: 
between mils, as well as the importance of the casein/lactalbumin ratio it 
determining these differences. 


AVERAGE COMPOSITION OF VARIOUS MILKS 


Kind Casein , Lactalbumin Fat Lactose Protective Rati 
COW Seale Hee 3.02 0.53 3.64 4.88 0.175 
Wome, boc coencact 1.03 1.26 3.78 6.21 1.22 
Goat. Seas etre eee 3.20 1.09 4.78 4.46 0.34 
Ewe: Sa ckhotdionygte nen 4.97 iG) 6.86 4.91 0.31 
Mare. hfacaeen rae 1.24 0.75 1.21 5.67 0.605 
ENSG) sein ai cteuareterer tice ets 0.67 1.55 1.64 5.99 2.31 


precipitate each other, as do diphtheria toxin and antitoxin. Where the adsorbed protective layer i: 
deficient in quantity or quality, we may have a hypersensitisation to precipitation, so that a smal 
succeeding dose of antigen produces a coagulation in masses sufficiently large to cause embolism 
In this manner we can understand the condition known as anaphylaxis and its occasional consequence 
anaphylactic shock. 

* See paper by A. Lottermoser, this volume, p. 670. 
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Experiment shows that cows’ milk is much more readily coagulated by acid 
and by rennin than is mothers’ milk, and that the coagula of mothers’ milk if 
formed, are much finer. The addition of any protector—proteins like gelatin 
or albumin, carbohydrates like dextrin, Irish moss, or gum arabic, or even 
salts like sodium citrate—will make cows’ milk behave more like mothers’ 
milk, and will make it more digestible for the infant. Regarding the highly 
protected asses’ milk so eminent an authority as A. Jacobi stated as far back 
as 1888 that it is a refuge to which the physician flies when neither cows’ 
milk nor even mothers’ milk is tolerated.* 


PLURAL PROTECTION 


An outcome of these observations on milk was the development of the 
idea of double or plural protection. The attempt to produce an imitation of 
casein by forming a precipitate of calcium phosphate in the presence of pro- 
tectors (gelatin, gum arabic) was not fruitful when the protector was added 
to the phosphate solution or to the calcium solution. On reflection, however, 
it was evident that in the organism both of the reacting solutions contain pro- 
tectors, and on protecting both the sodium phosphate and the calcium chloride, 
there was obtained a colloidal calcium phosphate which could be precipitated 
by acid or by rennin. Olive oil was emulsified in this and a stable imitation 
milk was obtained. Thus was developed the principle of double and plural 
protection, for which a U. S. Patent was secured. 

The literature contains several instances where this principle has been used 
in a more or less empirical manner. Thus Carey Lea produced some of his 
colloidal silver by the following formula: 


SoLuTIoNn 1 SoLuTIon 2 
WAI? a eHias Soee ace aaa 800 c.c. Watery cnet. sscselesas ites 3 sind OOO (C.G; 
20 per cent Rochelle salt solution 200 c.c. 20 per cent Rochelle salt solution 200 c.c. 
40 per cent silver nitrate solution 50 c.c. 30 per cent cryst. ferrous sul- 
Phatewsolution metas ete 107 c.c. 


Solution 2 was then added to solution 1. The Rochelle salt here acts as a protector. 


In the photographic field the so-called Lippmann “grainless” emulsion 
is made by the following formula: 


SoLuTiIon 1 SoLuTIon 2 
(GAAS on Badoos Stoo ome 75 grains Gelatint qepcactooitea. aecheare hs 75 grains 
Potassium bromide .......... 32 grains Waters ce saivemae iris oes eitisie « 8 oz. | 
WWEReitecs pom qokkou@eo borides home 8 oz. Silversnitrateumma-apiieeit o ieee 45 grains 


The ingredients are mixed in the order given; and after allowing the gelatin to swell, 
the solutions are heated to 95 degrees F. Then solution 2 is added to solution 1. 


And Lobry de Bruyn ® found that, upon adding gelatin to both reacting 
solutions precipitation may in many cases be inhibited, a colloidal dispersion 
resulting. Thus under these conditions potassium bichromate and _ silver 
nitrate give a brick red coloration but no precipitate. — In general Lobry de 
Bruyn used tenth to twentieth normal solutions, protecting them with 5 to 10 


per cent of gelatin. 
i i i i i i f lact- 
* nnection it seems possible that any cause which decreases the proportion of | 
Ib an gears in mothers’ milk—neryous shock, anemia, etc.—may_ tend to register itself in a 
i entice upset in the nursing infant. This ratio undoubtedly varies with the period of lactation as 
il as in different cows, so that the milk of a herd is probably much more uniform than that of 


one cow. 
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The value of this principle in technology is obvious, and in medicine ar 
in bio-chemistry it must be of exceedingly great importance, for in the orga: 
ism all reacting solutions are protected. The work of Auguste Lumiere at 
others has shown the disastrous consequences that follow the formation « 
flocculates of sufficient size to cause nerve irritation, capillary embolism, ar 
the wide variety of symptoms which may follow more or less directly « 
indirectly from the appearance in the blood stream of particles of unusu 
dimensions. In addition protectors very generally lead to the formation ¢ 
crypto-crystalline structures, obviating sharp crystalline deposits. 


INFLUENCE OF COLLOIDS ON CRYSTALLIZATION 


Protective substances exert a very marked effect on crystallization ar 
crystalline form. We are all familiar with the beautiful ice tracery c 
window-panes, some of which involves this phenomenon; and a mixture ¢ 
epsom salt (MgSO,) and beer or other colloid-containing binder is ofte 
used to produce fern-like figures on glass, paper, etc. Some neglected wot 
in this field recently brought to light *° is that of Dr. Wm. M. Ord* and h 
immediate predecessors, including Mr. George Rainy, who perhaps workin 
under the influence of Graham, realized the biological importance of th 
phenomenon. Quite independently, J. Alexander ** rediscovered it in conne 
tion with investigations of the function of gelatin (and other protective co 
loids) in ice cream. Alexander found that such protectors inhibited the fo: 
mation of sharp ice crystals * and give the ice cream a smooth velvety tast 
From what has been said above relative to milk, it is obvious that protecto: 
tend also to render milk and ice cream more readily digestible.*® 

The crystal-inhibiting action of protectors is well illustrated by plaster-o. 
Paris, in which they are used as “‘retarders,” to delay the time of settin; 
The following table of results is interesting : 

One Part Water Coatain- 


ing Gelatin—Per Cent Time to Set in Minutes Microscopic Appearance of Slide 
U 40 Characteristic crystals of calcium sulphat 
1/100 50 No crystals, except in a few spots whe 
some colloid-free solution had diffusé 
out. 
1/10 260 No crystals.* 
1/4 510 No crystals.* 
2 960 No crystals.* 
1 Not set in 48 hr. No crystals.* 
2 Not set in 48 hr. No crystals.* 


* No regular, ordinary crystals, the mass consisting of aborted, modified or sphero-crystals, or | 
colloidal crystals or other minute unoriented groups, or of a mixture of these. 


In metals and alloys and in electroplating, the inhibition of crystal di 
velopment is of great technical importance. (See Vol. III.) 


AUTOPROTECTION 


Since every substance, in the course of aggregating from atomic or mole 
ular dispersion into visible masses, must of necessity have in it at some tim 
particles of colloidal dimensions, we must face the condition known as is: 
colloidism, wherein the colloidal dispersion of the substance is in contact wit 


* This must not be confounded with the sandiness due to formation of lactose crystals in i 
eream mixes containing condensed milk, 
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a non-colloidal phase of the same substance. If the colloidal phase has the 
property of being adsorbed or of adsorbing, we may have autoprotection, 
where the substance delays or prevents its own crystallization. The work of 
Quincke, O. Lehmann, and others indicates that crystal formation is preceded 
by the formation of tiny globulites, and by rapid evaporation of a film of a 
solution of sulphur in carbon disulfide containing a little Canada balsam to 
slow down the aggregation process, these globulites and their various stages of 
aggregation may be seen.** An analogous adsorption seems to delay the 
transformation of y-iron into a-iron (allocolloidism), and it is especially ob- 
servable in ammonium salts and in soaps, e.g., in oleates. 

In the case of solutions, where the viscosity is not too great, the auto- 
protective stage is of limited life. 

W. B. Hardy *® found that 5-dimethylaminoanilino-3-4-diphenylcyclo-1-2 
dione upon cooling from its solutions in organic solvents gives gels that gradu- 
ally become crystalline.. Gortner and Hoffmann **® report that dibenzoyl-1- 
cystine forms even in 0.2 per cent solution a rigid gel which in the course of 
several weeks crystallizes almost completely. So powerful is its gelatiniza- 
tion that this dilute solution makes as strong a jelly as a five per cent solution 
of gelatin. Camphorylphenylthiosemicarbazide acts similarly, its solutions in 
organic solvents forming on quick cooling, gels that gradually become crys- 
talline.*” 


CUMULATIVE PROTECTION 


The general rule in colloidal protection is that anything which removes, 
coagulates, or destroys the protector, or disperses it crystalloidly, will tend to 
cause the protected dispersion to coagulate. Thus on adding ferric chloride to 
olive oil emulsified with gum arabic, the gum is coagulated and loses its emulso- 
static action, so that the oil separates out—the emulsion “breaks.” On the other 
hand, anything that protects the protector, that is, stabilizes it against coagula- 
tion, crystalloidal dispersion, or destruction, will tend to stabilize the protected 
sol. Thus some ammonia in a gelatin-protected sol would tend to prevent the 
coagulation of the gelatin by formaldehyde, and an antiseptic would prevent 
its dispersion by bacteria or enzymes which, as the work of E. Zunz ** indicates, 
may convert protectors into coagulants. The rennin coagulation of milk seems 
to be of this nature, the enzymes converting the protective lactalbumin into 
a coagulant.*® 

This introduces a new idea—cumulative protection. In many cases we 
must expect to find that the protector of the protective colloid is itself a 
colloid, and there is no reason to doubt that cumulative protection may extend 
through a series of several colloids, or colloids and crystalloids, giving a struc- 
ture which like a house of cards, may collapse if any one of its essential 
supports is removed. 

This aspect of protection does not seem to have been recognized or investi- 
gated experimentally as such, and it offers a wide field for research. As 
instances of its practical operation may be mentioned glasses, alloys, and the 
gluten of wheat and rye flours. Many protein and similar complexes may be 
built up in this fashion. ak 

The inherent tendency of glass toward crystallization often leads to 
devitrification, a phenomenon in which relatively large crystals are formed, 
rendering che glass turbid and unworkable. Some silicates may be cooled 
slowly without crystallizing (apparently because of isocolloidism resulting in 
auto-protection), but the silicates of calcium, magnesium, and aluminum form 
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crystals if not quickly chilled, an accomplishment difficult of realizatic 
because silicates combine high thermal capacity with low thermal conductivit 

In the course of crystallization from crystalloidal dispersion, every sul 
stance must of necessity pass through a zone where many of its particles a: 
in a colloidal degree of dispersion,*° and in this zone, even though it be 
transient one, surface forces (adsorption, surface tension) exercise a dom 
nant influence. The tendency of various silicates to adsorb each other < 
they reach colloidal dimensions introduces a time lag in the process of crysta 
lization. This time lag becomes cumulative as the several silicates adsor 
and protect each other; and is naturally enhanced as the viscosity of the who. 
mass increases. The glass technologist chooses the proportions of his batc 
so that the protective action of the alkali silicates and other protectors will t 
amply sufficient to inhibit crystallization (devitrification) over the range o 
mechanical and thermal treatment to which the batch is to be subjected. I 
addition the mechanical and chemical properties of the glass must be cor 
sidered, so that protection is often accomplished by a mixture of divers 
ingredients, some of which may be present in very small quantities, and ye 
because of the principle of cumulative protection, exercise a potent effect. 

Tammann ”* named as the three main factors controlling the behavior o 
supercooled melts (1) the specific crystallization capacity (measured by th 
number of centers of crystallization formed in a unit mass in a unit time) 
(2) the speed of crystallization; (3) the variation in viscosity. From wha 
has been said it seems that it is evident that in mixtures there must be adde 
a fourth factor—cumulative protection. These four factors are closel; 
interrelated. 

Alloys also are examples of mixed supercooled melts, and in them, as it 
glasses, we find evidence of cumulative protection, to which may in larg 
measure be attributed the structure of many seemingly complicated alloys suc 
as high speed steels, duraluminum, etc., where some of the numerous in. 
gredients are present in small quantities. The behavior of some alloys i: 
further complicated by allocolloidism, leading to auto-protection; thus in stee 
we must reckon with the fact that iron exists in at least two allotropic forms.? 

In considering the gluten of wheat and rye flours, it must be rememberec 
that the various gluten fractions can hardly be definite chemical individuals 
but probably are adsorption groups of fairly uniform composition. The prin. 
cipal fractions are: 

Glutenin, insoluble in water or dilute saline solutions, soluble in dilute acic 
or alkali, but precipitates upon neutralization. 

Gliadin, yields a colloidal opalescent solution with distilled water, from 
which sodium chloride precipitates it. 

Globulin and Albunun, soluble in sodium chloride solutions. 

In a complex colloidal system of this character, salts, up to certain con- 
centrations, will enhance the protective action of the globulin and albumin. 
but decreases that of the glutenin and gliadin, which are in fact rendered 
more susceptible to assuming the coagulated or gel-like condition essential 
to making a satisfactory dough. Salts occur in the flour itself and in the 
water used, which has in baking an importance similar to that which it exer- 
cises in brewing. Furthermore ordinary salt has been used in bread making 
from time immemorial, and besides rendering the bread more palatable, exer- 
cises an important function in regulating the behavior of the gluten. Too 
much salt is fatal, for as Weyl and Bischoff found, flour moistened with a 
15 per cent solution of sodium chloride will not make a dough. Neither will 
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flour which has been heated for several hours at 60° C., probably because of 
the excessive dehydration of one or more of the constituent colloids of the 
gluten; even gelatin becomes insoluble if heated to 110 degrees or more. 
The effective reaction of the dough mixture (as measured by the H ion 
concentration or py value) must also materially affect its body. Slight 
acidity or alkalinity will solubilize the glutenin. Soft alkaline waters disinte- 
grate the gluten and destroy its elasticity, whereas hard waters containing 
sulphate of calcium, etc., tend to harden it. Yeast develops a slight acidity 
which affects the body of the dough, and in turn the yeast is affected by the 
salts present. Such yeast foods as potassium bromate, register an effect upon 
the physical condition of the glutenin. The colloid chemical behavior of flours, 
having in mind cumulative protection, offers a most fruitful field for research. 
H. Freundlich and H. J. Kores** found that dilute solutions of pure 
sodium oleate or of pure sodium stearate have a low viscosity, but that mix- 
tures have greatly increased viscosity, in some cases six to forty times as 
great. The maintenance of a marked colloidal degree of aggregation was 
evidenced by the appearance, in the ultramicroscope, of long threads. From 
this we may surmise that the behavior of very highly purified material (e.g., 
fats, soaps, metals) will be noticeably different from that of commercially 
or even ordinarily “chemically pure” substances. The startling results of 
Prof. H. B. Baker,’ who raised the boiling points of quite a variety of 
substances from 15 to 60° C. above these boiling points accepted as correct for 
the chemically pure materials, shows the potent effect of even traces of im- 
purities. On removing the last traces of moisture from “absolute alcohol,” 
he found that its boiling point went up to about 138° C., a rise of 60° C. 
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| Fibrous Alumina 
By Pror. Dr. H. Wisticenus, Tharandt, Germany * 


Fibrous alumina is worthy of particular attention as an inorganic gel 
of remarkable properties, (1) because of its individual mode of formation, 
(2) its resultant structure (macroscopic, microscopic, and ultramicroscopic), 
(3) its characteristic surface reactions due to this structure, (4) the ampho- 
teric nature of the aluminium oxides and aluminium hydroxide. 

The mode of formation, structure, and reaction of fibrous alumina con- 
stitute an important “topochemical” + phenomenon, because this material is in 
almost every respect the artificial analogue of fibers developed in the living 
organism. The author, therefore, originally called the phenomena “grown 
alumina.” It “grows” almost exactly like natural fibers. The analogy is 
not quite precise, but it is nevertheless an extraordinarily illuminating one 
for the colloid chemistry of the structure and properties of cell-membranes 
and fiber development as a whole. 

The actual chemistry of its mode of formation is as follows: 


(1) Al, (metallic) + 3HOH —— Al(OH), + 3H + Al, (metallic) 
(2) Al(OH), ——> AIO(OH), + HOH 

(3) 2A1(0H); —~> Al,O(OH),+ HOH 

(4) 2A1(OH), —— AI,O; + 3HOH 


According to these chemical equations, metallic aluminium undergoes 
various steps in hydration, resulting in aluminium oxide, which correspond 
to the natural mineral “hydragillite,’ “diaspor,” and chemical intermediate 
steps of dehydration, and through intra- and extra-molecular splitting off 
of water, Al(OH), becomes the fully dehydrated Al,O. 

Aluminium, as a base earth metal, is especially capable of such a spontane- 
ous reaction. Because of the great avidity of aluminium for oxygen, its very 
high heat of oxidation would complete the reaction very speedily if the heat 
were not allowed to dissipate quickly. Every clean surface of compact metallic 
aluminium is covered with a transparent molecular skin of aluminium oxyhy- 
drate. In a checked reaction, firstly the hydrogen escapes, and with it the 
“molecular” film of water incidentally condensed on the surface. The expan- 
sion and escape of this gas results in a cooling of the metallic surface and the 
gel skin. The cooling and the adsorption of water in the highly dispersed mem- 
brane lead to a concentration and adhesion of the skin, which brings the reaction 
to a standstill. The gel skin mechanically separated from the metal surface is 
extremely hard; it can be chemucally separated readily with caustic soda. But 
the clean metal surface 1s soon covered with a new thin skin, which again inter- 
rupts the reaction. There is, however, a method of allowing the reaction to con- 
tinue by means of a catalytic agent—the contact of mercury with a surface of 


* Translated by Eleanor G. Alexander, B.A. 
j This term was originated by Kohlschitter, and indicates the dependence of ext 
on specific reaction conditions, : sae 
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metallic aluminium, preferably chemically cleaned and with as large a surface 
as possible. The best form of the metal was found by the author to be 
granular aluminium “grits.” The reaction takes place best when the surface 
is attacked by caustic soda, quickly and repeatedly washed off with a powerful 
water-spray, a small amount of HgCl, solution being added, followed by 
renewed washing with water. All told, it is best to repeat this chemical 
technique after the last washing with water, and finally to wash with alcohol. 
With great development of heat, voluminous “fibrous alumina” is formed ir 
an aggregated mass as finely powdered dispersed alumina; but here and there 
on individual granules of “activated aluminium” theré is also formed large- 


Fic. 1—Formation of cell membranes and fibers on grains of activated aluminium 
(according to microscopic observations of L. Jost). 


fibered fibrous alumina; both with the greatest amount of free surface and 
adsorptive power. 
This catalyzed reaction can be expressed by the equation: 


(5) [Al(Hg)], + 3nHOH ——> [A1(OH),], fibrous + 3nH. 


It is meant to express the catalysis and the formative or topochemical process. 

The compressed hydrogen quickly inflates the alumina skin until it tears 
and again exposes the active free surface. Gas pressure is thus the most 
potent form-giving factor, whereas organic membranes grow slowly and are 
formed over protoplasm by osmotic pressure. 

The formation and structural characteristics are explained in the follow- 
ing Plate.1 Fig. 1 gives a microscopic picture of the growth of Al(OH),- 
cell pellicles and fibers grown from pieces snipped off of aluminium wire, 
which have been activated by Hg. According to the shape of the various 
pieces of wire, variously formed membranes grew under the microscope. 
From round pieces of metal there grew rows of spherical cells, from oval 
or pointed pieces, elongated membranous cell structures, mostly intergrown. 
Rapid “growth” produces long-drawn-out fibers with the morphological char- 
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isti i ivated aluminiurr 
acteristics of natural organic fibers. The granules of activate 
thus arrange themselves in a way similar to the way protoplasts of the 
living plant and animal cell are arranged in colloidal cellulose fibers and 
membranes. (Figs. 2-3.) As in all natural fiber-structures, fibrils or micells 


Fic. 2.—Fibrous alumina, X 50 +. 


thick and thin, sheathed in the finest of thin pellicles appear here and there in 
the “anisotropic” arrangement of the crystallites, which causes a double refrac- 
tion of polarized light as do organic fibers. Fig. 4 illustrates such a condition, 
and Figs. 5 and 6 show again the similarity between artificial aluminium fibers 
and natural cotton resolved almost ultramicroscopically. 


Fic. 3.—Cotton (after Kirchner). 


In “grown” fibers we have solid substance in a profoundly dispersed 


condition; they are, therefore, ideal adsorbents. In comparison with other 
well known adsorbents (hide-powder ; bone, blood or wood charcoal) fibrous 
alumina has shown a far higher degree of adsorptivity for tannin, congo-red, 
and tanning substances.* They adsorb tannin from a 0.3 to 0.5 per cent solu- 
tion to 50 per cent of their own weight, and from a 0.1 per cent solution of 
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congo-red up to 5 per cent of its own weight. Attempts to obtain dispersed 
alumina in other ways ® (‘swollen or inflated alumina” ) have shown that such 
alumina shows inferior adsorption. 

Recently, Willstatter in Munich, and Kolhlschiitter in Bern have reported 
experiments on the manufacture of dispersed aluminium hydroxide. Similar 


Fic. 4.—Fibrous alumina exhibiting double refraction in the polarization microscope. 


attempts were made, originally at the author’s suggestion, by the chemical 
factory of Heyden & Co. in Radebeul near Dresden, in order to investigate 
thoroughly and apply the extraordinary ability of the hydrogel Al(OH), 
to become very highly dispersed. The above named authors used chemical 
precipitation methods; Kohlschiutter, in order to study topochemical reactions, 


Fic. 5—Fibrous alumina, < 450 in oblique illumination (almost ultramicroscopic). 


and Willstatter, in order to use dispersed aluminium hydroxide in the separa- 

tion of ferments by adsorption.* The forms of aluminium hydroxide pro- 

duced by Willstatter, K ohlschiitter, and Heyden & Co. do not reach the highly 

dispersed condition of fibrous alumina, and therefore did not exhibit the 

degree of surface activity shown by “grown” alumina fibers. Since in its 
*See paper by R. Willstaitter, to appear in Vol. II. J. A. 
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gross solid state alumina is extremely compact, it seems in order to call this 
condition a profoundly dispersed solid state. 

In natural structures of this class (cell-membranes, plant and animal fibers ) 
this is responsible for characteristic reactions which, especially with support- 
ing substances (cellulose fiber, etc.), are necessary for the growth and life 
of the vegetable organism; for these complicated, insoluble, chemically inert 
supporting substances, while without internal chemical change, react by adsorp- 
tion with concentrated as well as with dilute growth-producing substances. 

Alumina fibers differ in certain important properties from natural fibers. 
A nonvolatile inorganic substance like Al(OH), fibers can be completely freed 
of water by thorough heating, without loss of structure and adsorptivity. The 
correspondingly lessened weight of the oxide still possesses the same surface 
attraction and adsorbtivity as the larger mass of oxyhydrate from which it 
was obtained. When heated too strongly sintering causes the loss of some 


Fic. 6.—Cotton yarn, dyed; ultramicroscopic picture of Gaidukoy. 


of the surface and surface reaction of the delicate fiber mass. Therefore 
an absolutely dehydrated determined quantity of absorbent may be used in 
analysis. The fact that the pure white color characterizes both the hydrate 
and the oxide fibers means that any colored adsorbed substance can be qualita- 
tively recognized (dyes, tanning material, etc.). Color reactions on colorless 
adsorbents can thus be carried out meticulously, the carbon of organic ad- 
sorbed substances can be burnt off easily and quantitatively determined. 

Fibrous alumina as an adsorbent is obviously not sensitive to dampness 
and bacteria. It can, therefore, be used for the determination of tannin in 
a tropical as well as in a dry climate. 

In tannin determination, because of its amphoteric chemical nature, it is 
an ideal adsorbent, for its behavior is remarkably like that of hide fibers.® It 
differs greatly in physical properties from all organic fibers. Fibrous alumina 
is very brittle whereas most organic fibers possess extraordinary elasticity. 
The difference, however, is only one of degree, for fibrous alumina possesses 
a small amount of elasticity. Larger well-developed alumina fibers break 
readily, but only when the accumulated masses are “blockaded’”—that is, de- 
mand much more space than would a solid powder of alumina not “grown” 
in this way. Well-developed fibrous alumina has a sp. gr. of about 0.1; 
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that of a more concentrated aggregation around 0.33 to 0.4. Aluminium 
hydroxide which is not in the “grown” form has a sp. gr. of 1.2-1.5; the 
specific gravity is a criterion of quality.* 
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The Influence of Colloids on the Solubility of Gases 


By Henry JERMAIN MAUDE CREIGHTON, 
Associate Professor of Chemistry, Swarthmore College 


The question of the absorption or solubility of gases, more especially 
oxygen and carbon dioxide, in blood is one of essential importance and one 
which has claimed the attention of many physiologists. For a long time the 
purely chemical explanation of absorption was practically undisputed, the 
absorption of oxygen by blood being attributed mainly to the formation of a 
compound with hemoglobin, and that of carbon dioxide to the reputed alka- 
linity of the blood and the formation of carbonates and bicarbonates. Later, 
however, Findlay and Harby? and Wo. Ostwald? suggested that the absorp- 
tion might be due to the surface action of the colloids present in blood. This 
view was fully discussed by Wo. Ostwald ® on the basis of the experimental 
data at that time available. Before this view could be tested, it was necessary 
to study the influence of colloids of various kinds on the solubility of gases. 
Accordingly, an extensive investigation was carried out by Findlay and his 
co-workers, the solubility of different gases being determined at pressures 
between 250 and 1400 mm. of mercury. In addition to its importance in rela- 
tion to the absorption of gases by blood, the investigation is of interest in 
connection with the absorption of carbon dioxide by beer. 

The influence of ferric hydroxide, gelatin, arsenious sulphide, silicic acid, 
starch, glycogen, egg albumen and serum albumen, as well as fine suspensions 
of charcoal and silica, on the solubility of carbon dioxide and nitrous oxide in 
water has been studied by Findlay and Creighton* at 25°, and at various 
pressures ranging between 750 and 1400 mm. of mercury. At atmospheric 
pressure silicic acid, charcoal and silica increase the solubility of both gases; 
gelatin and ferric hydroxide increase the solubility of carbon dioxide, but 
diminish that of nitrous oxide; the remaining colloids, with the exception of 
arsenious sulphide which is practically without influence, decrease the solu- 
bility of both carbon dioxide and nitrous oxide. 

The following types of solubility-pressure curves were obtained: 1. Where 
the solubility is increased above that of the gas in pure water, then at higher 
pressures the solubility curve (a) remains nearly horizontal (7.e., the solubility 
of the gas practically obeys Henry’s law), or falls to a flat minimum (e.g., 
carbon dioxide in the presence of silicic acid, ferric hydroxide, gelatin) ; 
(b) rises continuously (e.g., carbon dioxide and nitrous oxide in the presence 
of charcoal and silica, and nitrous oxide in the presence of silicic acid). 
2. Where the solubility is decreased below the water value, then at higher 
pressures the solubility curve may either rise continuously or, generally, fall 
to a minimum and then rise more or less steeply. For the ascending portion 
of all of the curves, the ratio C,*/C, is constant, C, and C, representing the 
concentration of the gas in the colloid phase and the solvent, respectively. 
The well defined minimum of solubility is more marked in concentrated than 
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in dilute solutions. In all such cases the influence of the colloid must be a 
complex one, and two factors, at least, must come into play: one causing a 
decrease of solubility with rise in pressure, the other an increase. In dilute 
solutions the former is sometimes absent or negligible. 

The cases under 1(a) are explained on the basis of chemical interaction ; 
those under 1(b) on the basis of adsorption. The behavior in the cases under 
2 probably depends on (i) solubility of the gases in a polymerized form in the 
colloid phase (descending portion of the curve), and (ii) adsorption (ascend- 
ing portion of the curve). 

General confirmation of the foregoing results has been obtained by Findlay 
and Williams ® with carbon dioxide, and by Findlay and Howell ® with nitrous 
oxide, at pressures between 250 and 760 mm. of mercury. They have also 
shown that the solubility of these gases in colloidal solutions is relatively high 
at low pressures, and that it decreases with increasing pressure either to a 
constant value, or to a minimum value, after which the solubility again in- 
creases with rising pressure. 

Findlay and Shen? have found that the solubility of carbon dioxide in 
aqueous solutions of a number of inorganic salts and in aqueous solutions of 
sucrose and chloral hydrate is in harmony with Henry’s law, thus proving 
that the behavior observed in the case of these solutions is different from that 
found in the case of colloidal solutions. They have also demonstrated that 
the solubility of carbon dioxide in aqueous solutions of peptone, propeptone 
and hemoglobin is greater than in water, but that it decreases with rising 
pressure. This behavior is attributed to chemical combination. On the other 
hand, the solubility of hydrogen in aqueous solutions of dextrin, starch, gelatin 
and ferric hydroxide, and in a suspension of silver, is in accordance with 
Henry’s law. 

From the results that have been presented, it is evident that the influence 
of colloids on the solubility of gases is often complex. It is clear that the 
presence of a colloid in solution will not necessarily increase the solubility of 
a gas. The action is a specific one, and depends both on the colloid and on 
the gas. 

Fhe solubility of carbon dioxide, oxygen, carbon monoxide, nitrous oxide 
and nitrogen in ox blood and in ox serum at.25° has been measured by Findlay 
and Creighton * at pressures between 760 and 1400 mm. of mercury. The 
solubility of the first three gases in blood, and that of the first gas in serum, is 
much greater than in water; the solubility of nitrogen and nitrous oxide in 
blood and serum, and of oxygen and carbon monoxide in serum, is less than 
in water. Where the solubility is increased above the solubility in pure water, 
the solubility curves fall with increasing pressure. The increased absorption 
is probably due to the formation of chemical compounds. Where the solubility 
is diminished, the solubility curves rise with increasing pressure. Since the 
ratio C*,/C, (where n is greater than 2 and is usually 4) is constant for the 
rising portion of the solubility curve, the increased absorption with pressure is 
to be attributed to adsorption. Although several investigators ® have obtained 
results which indicate that blood serum is “water-neutral,”’ the results of this 
investigation strengthen the chemical explanation of the absorption of carbon 
dioxide by blood and are in harmony with the work of other experimenters.” 

The results of Langer and Schultze’s experiments on the absorption of car- 
bon dioxide by beer ** have been explained on the assumption that beer dissolves 
more of the gas than the corresponding water-alcohol mixture. Emslander 
and Freundlich #2 have attributed the supposed increase in solubility to adsorp- 
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tion of the carbon dioxide by the colloids present in beer. These conclusions 
however, are not only not in harmony with the results obtained by Findlay) 
and Creighton,’* but Findlay and Shen ‘* have shown that the gas is, as é 
matter of fact, less soluble in beer than in the corresponding water-alcoho 
solution. The contrary conclusion reached by Langer and Schultze must be 
attributed to their having employed beer supersaturated with carbon dioxide 

The influence of colloids and fine suspensions of charcoal on the velocity 
of evolution of carbon dioxide from well-agitated, supersaturated solutions 
has been determined by Findlay and King.1° They have found that whereas. 
in the case of pure water and aqueous solutions of potassium chloride, the 
velocity of evolution of the gas is very nearly proportional to the degree of 
supersaturation, this is no longer true in the case of colloidal solutions, which 
show marked differences among themselves. Reduction of pressure is usually 
first followed by a period of quiescence, during which practically no gas is 
liberated. With solutions of ferric hydroxide and peptone, however, no such 
quiescent period occurs, spontaneous evolution of the gas taking place as soon 
as the pressure is reduced. Previous treatment of the colloidal solution, such 
as boiling, cooling, aging and the duration of the period of saturation with 
the gas, has an influence on the velocity of the evolution of the gas: (1) The 
longer the time of boiling the less the deviation from the supersaturation- 
velocity coefficient curve for water. This behavior is probably related to an 
irreversible hydrolytic change in which non-colloidal substances are formed. 
(2) The more rapid the cooling the greater the deviation from the water 
curve, probably because the reversible change sol-gel does not have time to go 
so far. This indicates that it is the sol which is responsible for the deviations. 
(3) The older the colloidal solution after boiling the less the deviation. This 
would promote the sol-gel change and bear out the above theory. (4) Through 
prolonged saturation the slope of the curve approaches that of water. 
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Solubility and Size of Particles 


Pror, Geo. A. Hutett, 
Princeton University, Princeton, N. J. 


That precipitates which have been for some time in contact with the liquid, 
filter more readily than fresh precipitates, has long been a familiar observa- 
tion. In analytical chemistry the necessity of digesting the precipitate with 
the liquid from which it was formed has long been recognized as a means of 
preventing the precipitate from passing through the filter. Curie? seems first 
to have pointed out that given a mixture of crystals of different sizes in 
contact with a saturated solution, the small crystals may go into solution and 
crystallization on the larger crystals may occur, so that the total surface, and 
therefore the surface energy between the solid and liquid decreases. This idea 
follows the relation between the larger and smaller drops of a liquid. Sulphur 
vapor may be condensed on a cold surface to a coating made up of exceedingly 
small drops of supercooled liquid. If maintained at constant temperature in 
time it will be noticed that some drops have become markedly larger, while 
in their vicinity many small drops have disappeared. This is not due to 
coalescence, but to a distillation from the smaller drops to the larger. The 
smaller drops with their greater curvature, have a greater vapor pressure 
than the larger drops. (Compare Gibbs’ Scientific Papers, 1876.) 

Sir William Thomson? showed the thermodynamic relationship between 
the vapor pressure of drops and their radii (curvature of the surface), arriving 
at the following equation: 
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where RT has the usual significance, M the molecular weight of the liquid, 
the surface energy and the density of the liquid, p; and p. the vapor pressures 
of the droplets of radii 7, and r,._ The similarity between the evaporation of 
a liquid or a solid and of solution of a solid in a liquid solvent is so well 
established that the above ideas may be applied to solid particles in contact 
with their solution. This consequence was pointed out by Ostwald.* Experi- 
mentally Ostwald investigated the relationship between the red and yellow 
modifications of mercuric oxide, showing that the yellow modification shaken 
with a KBr solution liberated more KOH than did the red form and was 
therefore more soluble. The reaction is HgO + KBr + H,O @2KOH + 
HgBr,. Ostwald also obtained results with calcium oxalate which showed 
iess solubility for the larger crystalline precipitate as compared with the same 
precipitate ground fine with garnets on the ball mill principle. He observed 
a difference of 0.9 per cent. Calcium iodate showed a 3 per cent difference 
in the solubility of the finely ground substance. The concentrations were 
measured volumetrically. Also Ba( NO ;)., HgCl, and PbCl, were examined 
by using a pycknometer to determine a change in concentration. He observed 
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an increase in density of the solution saturated with the finely ground material 
Ba(NO,)2 showed the least and lead chloride showed the greatest change 
Ostwald also deduced the relation between the size of particles, solubility anc 
surface tension. The relation developed by Ostwald was later corrected by 
Freundlich in his Kapillar-Chemie (1909, p. 144). 
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RT and M have the usual significance, s, and s, are the concentrations of th 
solutions in equilibrium with particles of radii r, and r, respectively, o the sur 
face energy, e the density of the solid. 

This equation is seen to be entirely similar to that developed for the vapo: 
pressure of small drops of liquid. But in the case in hand the concentration: 
of the solutions s; and s2, and their osmotic pressures, balance the solutior 
pressure of the particles r; and 7, at equilibrium, so that the similarity is quit 
complete. However, in the case of electrolytes, the factor of dissociation maj 
be taken into account, as has been done by Jones.* 

If the dissociation of the saturated solutions are different in amount th 
osmotic pressure and, therefore, the work in passing from one to the other 
may be calculated by introducing into the Ostwald-Freundlich equation a facto: 
which takes account of the difference, as Jones (loc. cit.) has done, who arrive: 
at the following relation: 
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y is the degree of dissociation, » — is the number of ions from one molecule 
m — is the constant from Stork’s dilution formula. 

Dundon and Mack,* in calculating the surface energy of calcium sulphate 
have considered this relation and pointed out that if it be assumed that the 
dissociation is constant during the process one may write 
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and find that the calculated surface tension is practically the same as that cal 
culated by the more rigorous equation of Jones. Furthermore, r, is the radiu 
of the small particle measured by the microscope and r, that of a particle s« 
large that the solubility is that of plane surface and may be put equal t 
infinity. And thus the equation becomes 
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which may be used in calculating surface energies between solids and thei 
saturated solutions, at least until more accurate data on size of particles ar 
at hand. 
Dundon“ has carefully repeated and extended some previous work o 
Hulett ®° and found that finely divided gypsum added to a saturated solutiot 
of gypsum caused an increase in conductivity which rose to a maximum an 
then slowly decreased, finally approaching the normally saturated, clearly cor 
responding to changing solubility with changing size of particles. The size o 
particles were measured under the microscope and the solubility calculate 
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from conductivities. From these data the surface tension was calculated and 
appeared to be about 370 dynes per square centimeter. Careful observations 7 
were made on lead fluoride, lead iodide, barium sulphate, strontium sulphate 
and calcium fluoride. From the observations the following surface tensions 
have been calculated: 


’ Per Cent Increase 


Substance 13 of Sol, : Calc 

SM adn clot Les ee een er 0.4 2.0 130 dynes cm. 
ESOS NG et arrange 0.2 to 0.5 44to1l2percent 370 

PUGH ORN Es Salite Sian eer ee 0.3 10.0 575 
LP LNUERS ' tiene ksted gli a Pe Ce ae Le 0.3 9.0 900 
SHOOT etikiatia is fxg) Acuity a sc Ys 0.25 26.0 1400 
LAEISTOD Oo cortices o eae tae ee Ane 0.1 80.0 1250 (Hulett) 
LSaGIO) © Ea eR ee pe eas 0.2 90.0 3000 
Chaleo-aenin iagialie dee aati A ie arts 0.3 18.0 2500 


The difficulty of obtaining exact measurements of size of particles is the 
weak point in the calculated surface energies. The results with the above 
substances suggest a proportionality between surface energy and hardness 
and an inverse proportion between surface energy and molecular volume, as 
indicated by the Ostwald-Freundlich equation. A more precise determination 
of the dimensions of the particles would, no doubt, give a fairly reliable value 
for the surface energies of the substances in question. 

W. C. M. Lewis * and Knapp ® have considered the effect of an electrical 
charge on the surface tension and this may be a factor in the case of fine par- 
ticles in contact with their solution. 

W. D. Jones *° has considered the influence due to various geometrical 
forms other than spheres. The method conductivity of determining the con- 
centration of the solution is rapid and satisfactorily exact, and one may readily 
follow the changing concentrations. The work on gypsum indicates that the 
powder rapidly saturates a solution, but that the supersaturated solution is 
much slower to come to equilibrium in contact with the solid phase. This may 
be a factor in systems of various sized particles and solutions. The smaller 
particles, if present in considerable proportions would dominate the situa- 
tion, and the real problem is to get a more exact idea of the size and relative 
numbers of the smaller particles when equilibrium is attained. Svedberg and 
Nicols 1! have devised a special form of centrifuge which permits of a 
photographic observation of the rate of precipitation of the dispersed phase 
under known conditions so that Stokes’ law gives good values for the size 
of particles. This scheme might be applicable to the problem in hand. 
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Attraction Intensity or Attraction Pressure 


Proressor Dr. J. TRAUBE, 
Charlottenberg Technical High School * 


In the year 1864 the apothecary, C. Musculus,’ carried out a series of 
capillarity experiments by the capillary-rise method, on aqueous solutions of 
various substances, such as alcohol, acetic acid, albumen, soap, bile, different 
sugars and salts. He found that substances, such as alcohol, acetic acid, soap 
and bile had a marked effect in lowering the capillary rise of water, while 
other substances, such as the salts, etc., had but very little effect on this 
property. Musculus differentiated accordingly between capillary-active and 
capillary-inactive substances. 

In a paper entitled “Capillary Phenomena in Relation to Constitution and 
Molecular Weight,’? J. Traube, taking his cue from the almost completely 
forgotten work of Musculus, made a systematic investigation of the surface 
tension of aqueous solutions of common substances * and from the collection 
of a large amount of numerical data he established the importance of classi- 
fication into surface-active and surface-inactive substances.* | He must there- 
fore claim to, have contributed in not an inconsiderable degree to the sub- 
stantiation of this classification which is so important in capillary chemistry. 
It may also be stated that today this division is hardly less important than 
even the separation of substances into, electrolytes and non-conductors. In 
the former as in the latter case there are no sharply differentiated groups but 
a gradual transition, which fact, however, does not detract from the usefulness 
of this classification. 

As is known, electrolytes are substances which are particularly distin- 
guished as being surface-imactive. They generally increase the surface tension 
of water and the relationship between the surface tension of aqueous solutions 
and the concentration is represented by curves which are almost straight lines. 

On the other hand, substances, such as the common alcohols, fatty acids, 
ethers, esters, etc., lower the surface tension of water to a greater or lesser 
extent; in this case the curves are parabolic. Such substances are called 
surface-active. In the case of substances of homologous series, the surface 
tension of water decreases the more strongly, the greater the number of the 
CH, groups; in dilute solution this decrease in the surface tension approaches 
the ratio 1:3. Accordingly, the decrease in the surface tension in homologous 
surface-active substances follows approximately the series 1:3: 3%----.5 

This rule has acquired great significance, particularly in biological fields, 
after it was shown ® by the writer that the surface tension bore a very close 


* Translated by Ismar Ginsberg, B.S., Chem, Eng. 

j The author in giving here this short historical introduction, does so because, as far as he 
knows, credit has been given him in the literature in the field of surface tension and particularly 
with respect to the introduction of the drop method. On the other hand nowhere is mention made 
of the fact that he proposed the first division of substances, on a strictly scientific basis, into surface- 
active and surface-inactive materials according to the laws of capillary chemistry. ; 
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_ causative connection with the processes of adsorption, osmosis, narcosis, etc. 
Especially in the lysis of cells (such as blood corpuscles), in the narcosis of 
tadpoles, in catalytic processes taking place in the presence of surface-active 
substances, in the protoplasmic current, in the destruction of cells, ete. All 
these show the approximate validity of this rule.’ 

The Gibbs-Thomson theorem is of especially great importance in under- 
standing the mechanism of surface tension phenomena. In the first place this 
theorem explains the phenomena which take place at the interface between 
two phases, and accordingly bridges the gap between surface tension and 
adsorption phenomena. 

Even in the work above referred to, the author referred to the relation- 
ships which must exist between surface tension and solubility. These relation- 
ships were later studied comprehensively by the author ® and similarly the 
connection between surface tension and other entirely different properties of 
solutions. 

In connection with solubility it was particularly shown that surface-active 
substances are displaced from their solutions by substances which increase the 
surface tension of water. This takes place more easily, in proportion as the 
displacing substance increases the surface tension of water and as the sub- 
stance that is displaced lowers the surface tension of water. Ina later paper ° 
it was shown that the solubility of difficultly soluble salts is decreased by more 
or less surface-active organic compounds, the effect being greater in pro- 
portion to the surface-activity of the substance in question. 

In a new contribution, not yet published, it has been established with ref- 
erence to Neuberg’s work, that certain organic salts, which decrease the surface, 
tension of water (such as sodium salicylate, etc.), often raise, to a considerable 
extent, the solubility of surface-active compounds, such as amyl alcohol, etc. 

All these and numerous other relationships, which have been developed by 
the writer and others, acquire what is sometimes a profound significance when 
attention is concentrated on a certain factor, which is none other than the 
magnitude of the attraction between the dissolved substance and the solvent, 
the weli-known cohesion factor, a;:, developed by van der Waals—a factor 
which Traube terms attraction pressure or more correctly, perhaps, attraction 
intensity. 

In order that a molecule of a substance dissolved in water may move 
from the interior of the liquid to the surface, a certain amount of work must 
be done. No material error is involved, if this work is set equal to the 
difference between the surface energies of water and of the solution. This 
difference corresponds to the surface activity and constitutes a measure of the 
attractive intensity, for the work in question consists in fact of nothing more 
than the energy involved in overcoming the forces of cohesion. 

Accordingly the attraction intensity corresponds to the difference between 
the surface tensions of the solution and of water. The above-mentioned law 
for homologous surface-active substances states, accordingly, that the attrac- 
tion intensities of surface-active homologous substances are related to each 
other like the terms of the series: 1:3: 3°----- . Substances of lower attrac- 
tion intensities (greater surface activity) are displaced from solution by sub- 
stances of greater attraction intensity (inorganic salts, etc.). The Gibbs- 
Thomson principle may be thus expressed: substances of lower attraction 
intensity concentrate in the interfaces between the phases and substances of 
higher attraction intensity leave the interfaces. 
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The well-known Hofmeister-Spiro ionic series is nothing more than the 
series of attraction intensities of the ions,!° while anions, such as CNS, I, etc., 
are distinguished by their slight attraction intensities to water. On the other 
hand the reverse condition holds for the ions SO,, COs, etc. Similarly the 
attraction intensity increases from Cs through K to Na and Li. The most 
diverse properties of ions, in particular their electro-chemical behavior, are 
very closely interrelated with the magnitude of the attraction intensity."* 

Attraction intensity and formation of submicrons are very closely inter- 
related.2 For example a one per cent aqueous solution of a salt of an 
alkaloid such as quinine hydrochloride has almost the same surface tension 
as water. The salt ions are dissolved in the state of a molecular dispersion. 
Their attraction intensity to water is considerable. When small quantities of 
alkali are added to such a solution, then numerous rapidly moving submicrons 
are observed."® The surface tension is strongly reduced and so correspond- 
ingly is the attraction intensity of the quinine particles. This decreased 
attraction intensity even leads to the formation of submicrons. It is there- 
fore easy to understand that the forces of cohesion, which bring about the 
formation of submicrons, are the more effective the less the adhesion energy 
of the dissolved substance to the solvent. 

It is possible to prepare solutions of nonylic acid having the same surface 
tensions as water.4 The addition of a drop of a dilute solution of hydro- 
chloric acid is then sufficient strongly to reduce the surface tension of the 
solution and coincident with the phenomenon the formation of numerous 
rapidly-moving submicrons is observed. Substances such as benzol, carbon 
tetrachloride, etc., which are difficultly soluble in water lower the surface 
tension to a scarcely perceptible degree. They are dissolved only to the sub- 
micronic stage. Substances which have a somewhat greater attraction inten- 
sity to water, such as octylic alcohol, caprylic acid, in the more concentrated 
state, are dissolved partly as submicrons and partly to molecular dispersion, 
and even in aqueous solutions of amyl alcohol and aniline numerous sub- 
microns are still found in semi-saturated concentrations.1® Furthermore, 
difficultly soluble salts such as AgCl, and BaSO, are dissolved as submicrons 
to at least a considerable extent. The magnitude of the attraction intensity 
dominates the distribution of the dissolved matter, determining whether it be 
molecularly dispersed, or in submicrons, or whether submicrons be formed 
from molecularly-dispersed particles. Substances which are only partially 
soluble in water, corresponding to their rather small attraction intensity, are 
dissolved more or less as submicrons. The aggregation of submicrons of 
surface-active substances at the interfaces, which was first observed by my 
pupil Klein *° and was interpreted by the writer and Klein as a Gibbs phe- 
nomenon, may also be thus explained. The writer will discuss the importance 
of this much-discussed phenomenon in a later contribution 

As far as the attraction intensity of colloids is concerned, we can speak 
of hydrophobe colloids, that is, colloids of slight attraction intensity. On the 
other hand there are the hydrophile colloids, such as albumen, gelatin, various 
gums, etc., which possess considerably greater attraction intensity. From this 
point of view we may understand the following: (1) that hydrophile colloids 
require much more electrolyte to throw them out than do hydrophobe col- 
loids; (2) reversibility and irreversibility with reference to flocculation and 
re-solution; (3) especially the protective action for hydrophobe colloids of 
hydrophile colloids having a relatively high attraction pressure for water. 
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According to recent work by Traube and Rackwitz™ colloids of greater 
attraction intensity, such as gelatin, albumen, etc., exert a powerful protective 
action on sols of gold, silver, etc., while on the other hand colloids possessing 
great surface activity and hence slight attraction intensity to water (such as 
soaps, saponin, salts of gallic acid, etc.) exert a very slight protective action. 
A simple explanation of the phenomena of sensitization is also afforded by 
this theory. 

The field of adsorption phenomena becomes much clarified when we take 
into consideration the concept attraction intensity. 

If an aqueous solution of a substance is in contact with a second phase, 
for instance, with a cell wall, then the chances for the adsorption of the 
dissolved substance by this second phase are apparently greater in proportion 
to the concentration of particles of the dissolved substance at the mterface. 
Surface-active substances are therefore easily adsorbed and hence we must 
not be surprised to find that surface-active substances displace surface-inactive 
substances, such as the sugars, salts, etc., from the surface of solid adsorbents, 
such as carbon, etc. To be sure, the attraction intensity to water (the surface 
activity) determines only the degree of concentration in the neighborhood ot 
the interface. The actual adsorption, which is characterized by the cessation 
of the Brownian movement,’* depends on a second attraction intensity, the 
attraction intensity to the absorbent. The less the attraction intensity to 
water and the greater the attraction intensity to the absorbent, the greater is 
the absorption. A characteristic phenomenon from this standpoint is the 
behavior of solutions of fatty acids towards different adsorbents, which was 
investigated by Traube and Nishizawa.'® The lower fatty acids, such as 
formic, acetic, and propionic acid, have a relatively high attraction intensity 
to water. It is accordingly found that only a strong adsorbent, such as bone 
black, is able to adsorb large quantities of these acids; however the weaker 
adsorbents, such as barytes, or even zinc blende and lead glance cannot do so. 
In the case of valerianic acid it has been found possible to cause the adsorp- 
tion of the acid in small proportions, under the concentration conditions 
which prevailed during the experiment, by such absorbents as barytes. On 
the other hand this was not possible in the case of zinc blende and lead glance. 
Capronic acid is adsorbed by the latter adsorbents, but not by a particularly 
poorly absorbent pyrite. On the other hand, caprylic acid, is spite of its very 
slight attraction intensity to water, is adsorbed to a greater or lesser degree 
by all the before-mentioned absorbents. The last two acids are easily and 
completely adsorbed by bone black. 

A research, carried by Traube’s pupil, R. Schulz,?° on the distribution 
of a substance, dissolved in water, at the interface liquid-liquid, led to entirely 
analogous results, when the aqueous solution was brought into contact with 
a non-miscible organic solvent, such as benzol, etc. It was not possible to 
detect any distribution in the organic solvents under the chosen experimental 
conditions (see loc. cit.), when the attraction intensity of the dissolved sub- 
stance towards water was relatively great. This was for example the case when 
a normal aqueous solution of ethyl alcohol or acetic acid was shaken with 
benzol in the presence of equal proportions of benzol and of aqueous solution. 
Neither ethyl alcohol nor acetic acid were detected in the benzol. On the 
other hand, if the attraction intensity was slight to water, but very great to 
benzol, as in the case of octyl alcohol or caprylic acid, then with the above 
proportions, right after a single shaking, the dissolved substance was no 
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longer detectable in water, while for the moderately heavy fatty acids and 
alcohols a certain amount of distribution took place in accordance with their 
attraction intensity. Other results are described in the article referred to. 

The lipoids play an important role in biology. 

The theory of Ernst Overton is well known. In accordance with this 
theory the degree of distribution between the lipoid and water is determinative 
for the absorption of the dissolved substance by the cell surface and cell 
interior. In fact it may be stated that a reciprocal relationship exists between 
the attraction intensity of the substance to water and that to the organic 
solvent, especially in the case of lipoids. Therefore, it comes to pass that the 
surface activity, and therefore the attraction intensity to water, is the main 
criterion for the adsorption or the absorption of the substances by or in the 
lipoids, and that the lipoid theory suits the observed phenomena to a certain 
degree. On the other hand Traube’s surface activity theory of adsorption 
and osmosis is a more general theory. 

There is quite a marked parallelism between the surface activity of the 
substances dissolved in water and their capacity for being absorbed, as well 
as the speed of absorptivity by the cell.*t It has thus been demonstrated by 
the author that the tendency of plant cells to plasmolysis generally parallels 
the surface activity of the dissolved substance. There is scarcely any devia- 
tion from this rule in the whole series of substances. The same relationship 
was manifested in the case of hemolysis of blood corpuscles in the swelling 
of muscle and many other similar phenomena,?* so that there was an almost 
complete analogy between permeability phenomena and the magnitude of sur- 
face tension. These relationships became still more remarkable when they 
were substantiated by quantitative figures. It moreover was also indicated 
that the above-mentioned rule, which applies to the change in surface activity 
of homologous substances, is found to apply as well to the most variable per- 
meability phenomena.** According to the investigations made by Fithner and 
Neubauer (see loc. cit.) 1t was shown that homologous substances have a like 
hemolyzing effect, when the concentration is allowed to increase with increas- 
ing number of CH, groups in the ratio 1:3: 3?-- -- - , in fact to even a greater 
degree. According to the investigations made by Czapek and his disciples,?4 
it was indicated that certain swelling values of the concentration of aqueous 
solutions of surface-active substances, which corresponded to the iso-capillarity 
of the solutions in question, were determinative for the destruction of plant 
cells, for example, the destruction of the germinative power of yeast. 

And for all that, the meaning of these experiments is not so simple as at 
first appeared. All such adsorption and permeability experiments had taken 
place in plant or animal structures, that is, under indefinite conditions; that 
is, there were involved not exclusively aqueous protoplasmic structures, but 
also more or less lipoids. 

_ Comparative experiments on adsorption and osmosis with aqueous solu- 
tions of surface-active substances, comparing, for example, an aqueous gelatin 
gel with another aqueous gelatin gel which contained increasing quantities of 
finely emulsified lecithin * led to the conclusion that it was possible easily to 
reproduce the same simple parallelism in relation between surface activity 
and both adsorption and osmosis, which are found in plant and animal prepa- 
rations, only when lecithin is added to the gelatin gel or when more or less 
egg yolk is added to a gel of egg albumen. However, in the case of pure 
gelatin gels or albumen gels the known relationships referred to are only 
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incompletely shown. In the latter case there was particularly no parallelism 
between surface activity and osmotic processes in the gel. Consequently the 
lipoids play a greater rdle in the osmotic phenomena in the organism than has 
often been thought, and the lipoid theory is not to be dismissed, although the 
Gibbs-Thomson theory and the surface activity theory of adsorption and 
osmosis, founded on it, are to be given first consideration. 

We must not neglect in this connection to point out the deficiencies of 
the van’t Hoff and Arrhenius solution theory. Biologists complain that they 
cannot begin to use this theory, as far as osmotic problems are concerned. 
Physical chemists further state that in all the attempts to corroborate this 
theory it fails on meeting the phenomena of solubility, surface tension, com- 
pressibility 

This is only to be expected. When a certain amount of a substance is 
dissolved in a solvent, for example, water, then the water is converted into a 
solution. If the substance is uniformly distributed, then the energy, which is 
expended in the process of solution, is proportional to the number of particles, 
which are dissolved, and in addition to the attraction which the dissolving 
particles have for the water. 

Only the capacity factors in the former case play any part in the van’t Hoff 
and Arrhenius theories. The number of particles is the sole factor con- 
trolling the osmotic pressure. However the latter factor, which corresponds 
to the potential of the attraction intensity, is not found in the van’t Hoff and 
Arrhenius equations. It is just this factor which is of prime importance, 
as we have seen, in the solubility phenomena of surface tension, adsorption, 
and also of volumetric relationships.*® 

Theories which do not take into consideration the attraction intensity 
are to be sure useful to a certain degree, but they are narrowly limited and 
therefore in no way comprehensive. An energy factor, for example, the 
electric energy EI, can be increased to the same extent by changing the 
value of E as well as that of I. However, when we take into consideration 
just one factor, as in the Arrhenius theory, then we are constrained in ex- 
plaining the many variations, to assign all to the variability of that one factor, 
the number of particles, and even where another factor, the attraction inten- 
sity, may play a part. 

This brief review may suffice to justify the reserve with which the author, 
in contradistinction to many scientists, has received modern solution theories. 
The author unquestionably recognizes the good points inherent in these 
theories—particularly the thermodynamics of van’t Hoff; but he deplores the 
fact that many scientists of the older generation should exhibit intolerance 
toward those investigators (himself unquestionably among them), who do not 
regard these theories as dogmas beyond criticism. 

In the meanwhile, however, science has busied itself with other ques- 
tions, even though the unsolved problem regarding theories of solution con- 
tinues to prevent an accurate conception of solution. Just as the classic gas law 
found its supplement in van der Waal’s equilibrium equation, so too in the 
laws of solution an equation must be found which gives proper consideration 
to attraction intensity, 
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Quantitative Investigations on the Changes in Strength 
of Union with Water Exhibited by Hydrates 
with Crystallization Water when their 
Degree of Dispersity Is Changed 
by Mechanical Means 


Under direction of Prof. Dr. P. P. von Weimarn * 


By Dr. Toxuraro Haciwara, 
Laboratory of Physical Chemistry, Imperial University, Kyoto, Japan 


I. PREFACE 


That the physical properties of substances are functions of the size of 
the particles these substances are constituted of, is an acquisition dating back 
to the work of Lord Kelvin, J. Goldstein, Wilhelm Ostwald, G. A. Hulett, 
C. Doelter, P. P. von Weimarn, W. Kuester, P. Pawlow and others. This 
dependence has been established both theoretically, as well as on experi- 
mental grounds, for such properties as, ¢.g., solubility, vapor tension, boiling 
and melting points. 

This rule, however, is not confined in its application to physical prop- 
erties alone, but it holds good for the chemical properties as well. 

A quantitative investigation would be of considerable interest of the 
changes undergone by hydrates with crystallization water with respect to the 
strength of union with water, consequent on the change in degree of dispersity 
of these hydrates brought about by mechanical means. 

The present paper is to deal with the results of such an investigation 
carried out with two representatives of hydrates with crystallization water: 
the Al,O,.3H.O and the Fe,.O,.H.2O. The water is known to be retained 
by the crystals of these substances with such a strength that it has even been 
described as water of constitution. 

In 1907 a theory was advanced by P. P. von Weimarn ? according to which 
the strength of union with the hydrate water would diminish in the hydrate- 
crystals (¢.g., those of Al,O; . 3H2O) as the degree of dispersity of the crystals 
is increased (viz.: as the grain size is reduced), so that at a certain very 
high degree of dispersity the hydrate water may no longer be distinguished 
from the so-called adsorption water. 

In one of his papers on the problem, P. P. von Weimarn* made the 
following statement : 


* A more detailed presentation of that work, especially from its theoretical side, see: P. P. von 
Weimarn and T. Hagiwara, “Static and Dynamic Solvations in Connection with the Dispersity 
Degree of the Substance” (now in state of preparation for the ‘‘Kolloidchem, Beih.”’). 

About the tesults of x-ray investigations (by the Debye-Scherrer-Hull method) of highly-disperse 
powders preparea by mechanical grinding of crystal- hydrates of the hydroxides of aluminium and 
iron, see: P. P. von Weimarn and T. Hagiwara, “‘Amorphy Doctrine is Delusion,” Koll.-Zeitschr. 
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“Just as an ordinary skeleton-frame may collapse if a few beams are missing or oe. 
to break, unless fresh building materials are duly supplied and other beams are substi 
tuted for the broken or the missing ones, so may an Al,O;.3H,O crystal of a size inferio: 
to that of its standard frame, lose its water at a lower temperature, and become anhydrou. 
even if no influx of fresh foodstuff from the solution is provided for, taking place at 
suitable rate” ; 


and further, in another paper: * 


“Finally, with extremely fine-disperse crystalline precipitates (gelatinous), the ee 
ing of water will be reduced in strength to such an extent that the hydrate water wil 
be scarcely distinguishable from the water as present in a wetted common bath sponge. 


In regard to aluminium hydroxide as precipitated by chemical reactions it 
an aqueous medium, it was stated by P. P. von Weimarn in one of his books | 
that the higher the degree of dispersity of the precipitate, the lower will be the 
temperature at which the precipitate would begin to give off its water. _ 

A few words would not be amiss concerning prior work devoted to the 
dehydration process in amorphous and colloidal (gelatinous) hydrates. W 
Ramsay,® later T. Carnelley and J. Walker,” have studied the dehydratior 
rate at varying temperatures for the so-called “amorphous” ammonia-pre- 
cipitated hydroxides of aluminium, iron and other metals. From this study 
they arrived at the conclusion that, in the amorphous state, either no definite 
hydrates existed at all, or there were very many of them, showing but very 
slight divergence in vapor tension, so that the smallest rise or fall of tem- 
perature would suffice to convert a higher into a lower hydrate or vice versa 

In one of his most remarkable papers (1888) J. M. van Bemmelen ‘ 
was able to show that the dehydration curves (see diagrams below) offered 
by the so-called colloid (gelatinous) hydrates would display essential diver- 
gence in type from similar curves for the same substances when in the form 
of crystalline hydrates, the dehydration curves corresponding to the hydrates: 
colloids being quite smooth, while sharp breaks would be shown by the same 
curves plotted for the hydrates-crystals. 

We thus come to see that much stress has been laid in the older researches 
on the difference in behavior exhibited with respect to dehydration by the 
amorphous and the colloid hydrates on the one hand and the same hydrates 
when in a crystalline condition on the other. 

P. P. von Weimarn, on the other hand, has worked out a theory,® accord- 
ing to which, by way of disintegrating crystals of any substance, the materia’ 
of these crystals may be prepared in a colloid condition. This assertion of 
P, P. von Weimarn’s was of course meant to comprise such crystals as well 
as those of Al.O;, .3H.0, of Fe.O,.H.0 andithemike: 

And in point of fact, A. L. Stein,?° availing himself of P. P. von 
Weimarn’s method, was able to prepare colloid solutions of aluminium and 
iron hydroxides, starting from beautiful natural crystals of diaspore 
(Al,O,;.H,O) and iron glance (Fe,O;), and using lactose as inert sub- 
stance to help subdivision. A colloid solution of aluminium hydroxide ha: 
later (1922) been prepared by the same method by S. Utzino (the particle 
size reached was about 59.8 «w) from artificially formed microcrystals of 
Al,O; .3H.O, with glucose as inert matter. 

These experiments prove beyond the possibility of any reasonable doubt 
that mechanical subdivision of crystals may actually bring forth their con- 
version into the state of colloid solutions. 

If now evidence is to be adduced of the fact that by mechanical sub- 
division of crystals like those of Al,O,.3H.O and Fe,O; . H,O, the water 
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of constitution contained therein is being converted into colloidally-bound 
water, it is of course necessary to realize the dehydration curves for these 
crystals for different degrees of dispersity. 


II. EXPERIMENTAL 
1. Experiments with Al,O,;.3H,O. 


The experiments have been carried out with microcrystalline aluminium 
hydroxide prepared by Bonnsdorff’s method, viz., by extremely slow pre- 
cipitation from alkaline saturated aluminium hydroxide solutions. The pre- 
cipitate obtained was made up of white granular particles which, when 
examined under the microscope, proved to be characteristic needle-like crystals. 
After thorough washing, the precipitate was kept in a desiccator over con- 
centrated sulphuric acid for two weeks, until constant weight was reached 
by the sample. The results of analysis were as follows: 


iperacent watersim Al,@;)3H.Os theoreticallys 0726-4. o.. 5 eh cs aces scene 34.59 
Per cent water in Al,O;.3H2O microcrystals, analytically determined... 34.59 
ID VERT ROSS RNASE wie isleeee scone ce CRS DiS aI ear oe 0.00 


Hence: x = 3.00. 


In order to obtain a finely-divided sample, the above microcrystals were 
pulverized with fine quartz powder in an agate mortar, the procedure being 
as follows: 0.1 gram of the microcrystals were mixed with 0.4 grams of 
quartz powder and ground for one hour by ‘hand; this operation being re- 
peated four additional times, the five portions (each portion containing 0.1 
gram Al,O; .3H.O and 0.4 grams quartz) of ground matter, were then added 
together and ground for half an hour again. The mixture thus obtained was 
subsequently kept in a desiccator over concentrated sulphuric acid for two 
months, which proved enough for the substance to reach a perfectly constant 
weight. The total water content of the sample was then determined by 
ignition; under the assumption that the whole amount of water would pertain 
to the Al,O;, the results obtained from analysis were: 


Pervcent water in Al;O0;.381,0) theoretically “v0... +... sia e eee enn OH OD 

Per cent water in the AleO3.3H2O ground with quartz, as determined 
ATTAIN EL Call l VME esate erate choles Soria wlorersho tat aieuatateispelan ale selec cVeuaters 37.30 
Di ter OriGe Maen Tn Mi IcTy cle. cars acts ean wis ire nv oehetars isl einetalal ave Auenaicce ee vous as Zi 


Hence: x = 3.235. 


The samples thus prepared were then submitted to dehydration in an 
electric oven (permitting to maintain a constant temperature within + 1°) 
at temperatures ranging between 90° and 220° Centigrade. Previous to 
the determination, after each heating, of the water content of the samples, 
these were always allowed to arrive at a practically constant weight, by keep- 
ing them ina desiccator containing concentrated sulphuric acid. 

The results obtained are shown in Tables I and II. The dehydration 
curves in Fig. 1 were obtained by plotting the water content in mols remain- 
ing in the samples along the axis of ordinates against temperatures as abscisse, 
so that each point in the curves indicated the amount of water contained in 
the samples when heated to practically constant weight at the corresponding 


temperature. 
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t TABLE 1 * 


Mrcrocrystats Al.O;.3H2O (PREPARED BY BonnsporFr’s MerHop) 
See Fig. 1, curve A. 


Temperature Duration of Composition Temperature Duration of | Composition 

bay (Sz Heating, Hours in Mol. in “2€ Heating, Hours in Mol. 
100 0.5 3.00 180 5.0 2.82 
120 0.5 3.00 190 5.0 2.79 
149 0.5 2.96 200 8.0 2.65 
160 1.0 2.94 210 20.0 1.14 
165 0.5 2.93 220 8.0 0.89 
170 5.5 2.84 

TABLE II* 
Al.O3.3H2O0 MicrocrystaLs GROUND WITH QUARTZ 
See Fig. 1, curve B. 

Temperature Duration of Composition Temperature Duration of | Composition 
bay? (C5 Heating, Hours in Mol. hat al Os Heating, Hours in Mol. 
Room 130 25.0 ZAZ 

temperature — 3.24 140 11.0 2.01 

90 2.0 2.87 150 14.0 1.73 
100 8.0 2.76 160 16.5 1.41 
110 5.0 2.63 180 24.0 0.71 
120 5.0 2.45 


*T. Hagiwara, Koll,-Zeitschr., 32, 154 (1923). 


700 Shs a n n i 


Te emperature 
TGs de 


Seeing that absolute equilibrium may not be reached so soon at every tem 
perature—which is true especially of finely-divided materials—the heating wa: 
actually carried on until approximately constant weight was reached. Thi 
rate of this dehydration is to be dealt with later on, in connection with thi 
case of the iron compound. 

That but very small quantities of water are adsorbed by finely-grounc 
quartz, may clearly be seen from Table II]. We may therefore consider a 
very insignificant the effect of quartz in the way of augmenting the amoun 
of water adsorbed by the ground mixtures of quartz and hydroxide. 

The dehydration curve A in Fig. 1 is the one obtained by the autho 
for microcrystals of Al,Os .3H.O, and the dehydration curve B is that foun 
by the author for the powder of the same Al.O;.3H.O ground with quartz.’ 


*Tt should be borne in mind that the dehydration curves B and C i 
thus obtai 
were, resultants of the various curves corresponding to the different sizes of font ane ee cA 
the powder under investigation, since these powders are ‘“‘polvdisperse.” ieiat 
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TABLE III* F 
Pure Quartz Powper Grounp Durinc 330 Mrnutes f, 
: 
Temperature Duration of Weight Temperature Duration of Weight 4 
in ° Heating, Hours in Gr. in PC Heating, Hours in Gr, 
Room 140 6.0 1.9707 
temperature — 1.9717 150 6.0 1.9707 
100 i 1.9712 160 6.0 1.9702 
120 is 1.9709 180 3.0 1.9702 
120 5.0 1.9709 180 7.0 1.9702 
130 8.0 1.9707 


* The quartz powder was kept over concentrated Sulphuric acid in a desiccator during 
two weeks. : 


If we compare with each other the curves A and B, we shall obtain con- 
clusive evidence that not only does the increase in degree of dispersity (de- 
crease in particle size) of the hydrate with crystallization water: Al,O; .3H,O 
cause the dehydration curve to become smooth (to exhibit no sharp breaks), 
but that it also compells the water to be set free at temperatures considerably 
lower than those at which it is set free from coarsely dispersed hydrates 
with crystallization water. 

The diagram in Fig. 1 is sufficiently eloquent, indicating that, on reaching 
colloidal degrees of dispersity—whether this be done by chemical (curve D) 
or mechanical (curve B) means—the union of water in the hydrates with 
crystallization water becomes weakened to such an extent that it may be 
characterized as “adsorption” water. 

For the sake of comparison, in addition to his own dehydration curves 
A and B, two more curves—C and D—were plotted by the author, in Fig. 1, 
corresponding to the experimental results obtained by J. M. van Bemmelen ; 
of these curves the curve C relates to a microcrystalline precipitate similar 
to the one prepared by the author; the curve D is that of a hydrogel pre- 
pared by precipitation with ammonia and kept for one year in contact with 
water, and whose composition: (Al,O;)2.9H.O has suffered no alterations for 
six months when kept in a dry medium. 

We need but to look at all these curves (see Fig. 1) to satisfy ourselves 
that there is agreement in type of the curve for the pulverized hydroxide 
(curve B) and the curve for the hydrogel (curve D). 


2. Experiments with Fe.O, . H,0. 


The iron hydroxides used were beautiful natural crystals of goethite 
(Fe.O,.H.O). Before the beginning of the experiments the crystals were 
kept for a week over concentrated sulphuric acid. The analysis gave the 


following results: 


DerEcenitmvaternilte be; Osuiia© a theoneticallliyseemuier sen sce yeyen aye sya iereie 10.138 
Per cent water in Fe.O;.H.O natural crystals, analytically determined 10.151 

IC EHOTIC CMe APT ts a et eared ERI ortents sdeytend oro tid Obelee athe 00.013 
Parecent aie: Onminel cs OsrrlsO. EMCORCLICAL liye wyersyite <isle) aie aieienst oye) 21m nyehe) 69.012 89.862 


Per cent Fe:O; in Fe.O;.H2O natural crystals, analytically determined 89.550 


(ONES aren Oo > cE eS Fro ceatee 5 ticc rt ao Cap hea GTO MAREE Cen ae een 00.310 
Hence: x = 1.005. 
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In order to prepare finely-pulverized material, the grains of the natura 
crystals were ground, as in the previous experiment, with fine quartz powde 
in an agate mortar. In the present series of experiments two samples of differ 
ent fineness have been prepared by grinding; we shall describe them a 
“orinding A” and “grinding B,” the mode of preparation being as follows 

“Grinding A”: 0.2 grams of goethite and 0.8 grams of quartz powder wer 
placed in an agate mortar and ground for two hours by hand. All in al 
there were five portions prepared as described above, which were finally al 
added together and ground for one hour more. The mixture was then lef 
for 40 days in a desiccator containing concentrated sulphuric acid, until 1 
showed perfect constancy of weight. The total amount of water was assume 


Watertrmot 


700 sew EcopE. 7 - 306 
Tem per ature 
EaiGaZs 


pertaining to Fe,O; alone, and on this assumption the analysis gave a watet 
content corresponding tothe rormulas, Fe,©.-1.121H.@: 
_ “Grinding B”: The procedure in grinding was as follows: the first opera: 
tion was preparing a mixture of 1 gram goethite and 4 grams quart: 
powder ; this mixture was then divided into five portions: la, 1b, lc, 1d and 1é 
and ground for 10 hours each; the second operation consisted in adding, tc 
each of the above portions 0.2 grams quartz powder, and grinding th 
mixtures thus obtained for 5 hours each; the third operation was adding tc 
the five portions: 2a, 2b, 2c, 2d and 2e, 0.2 grams quartz powder each, anc 
grinding them for 5 hours again; the five portions: 3a, 3b, 3c, 3d and 3¢ 
thus obtained were finally mixed together, to form “srinding B.” 

The material obtained as a result of this grinding was then placed in < 
desiccator containing concentrated sulphuric acid and so kept for 50 days 
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until the weight of the powder became approximately constant. On the as- 
sumption that the total amount of water determined in the mixture would 
belong to the FeO, alone, the composition of the mixture was found to agree 
with the formula: -Fe,O;.1,534H.O. As in the case of Al,O,.3H,O, the 
dehydration was carried out in an electric oven, the procedure on experi- 
menting being also the same. 

In Tables IV, V and VI the results are:drawn up for “natural goethite,” 
“srinding A” and “grinding B” respectively, and the corresponding curves are 
plotted in Fig. 2 as A (natural goethite), B (grinding A) and C (grinding B). 


TABLE IV 


NaturAu Crystat Fe2O3.H20 (Gorurre) 
See Fig. 2, curve A. 


Temperature Duration of Composition Rate of Dehydration 
in. Ge Heating, Hours in Mol. per Hour 
Room 

temperature — 1.005 H.0 — 

90 5.0 const. — 

130 5.0 a — 
160 5.0 5 = 
190 5.0 ay = 
220 4.0 & — 
240 5.0 st = 
250 5.0 0.992 Hay 0.0026 H:O 
250 5.0 0.984 “ 0.0017 “| Mean velocity 
250 5.0 (0:9 735i 0.0024 “ 
250 8.5 0.944 0.0034 “ 
250 6.5 O91 ae 0.0042 “ 
250 5.0 0.896 “ 0.0042 “ +0.0035 H.O 
250 5.0 01874.“ 0.0044 “ 
250 15) (847 0.0043 “ 
250 HS 0.809 “ 0:00 45ieenes 
250 10.0 Ores ~ 0.0043.“ 
265 2.0 Ones 0:0158 * 
265 1.0 0.711 ef (0:023/aee 
265 1.0 Oneeyy 1% 0.0239 “ 
265 2.0 (O65 0eae GOs 
265 2.0 0.614 0.0205 “ 
265 2.0 O64 ae 0.0250 “ 
265 1.0 (O:543 ames OWA © 
265 1.0 O525iNae 0.0174 
265 1.0 O09 0.0161 f 
265 1.0 0.484 “ 0.0250 
265 1.0 OWA) 0.0184 “ -0.0107 H.O 
265 5.0 0379S O07 Sis 
265 5.0 (0324 OOK) 
265 5.0 0.2502 0.0130 “ 
265 10.0 0.191 Ms 0.0068 “ 
265 5.0 On 0.0034 “ 
265 4.0 Oise) 0.0013 “ 
265 5.0 OFS Saamae 0.0021 e 
265 5.0 0.144 =“ 0.0028 “ 
265 5.0 his OCoNs © 
265 5.0 0.135 - 0.0002 “ 
290 5.0 alley 0.0045 “ 
290 5.0 (KOI) 0.0007.“ 
290 5.0 const. = 
320 5.0 O02 ae O01 5 
320 5.0 const. = 
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TABLE V 
CrystaL Hyprate Fe.O;.H,O Grounp wiTH QUARTZ 


See Fig. 2, curve B. 


“Ground A.” 
i mposition Rate of Dehydration 
ccnp eretute Bee eae coe - per Hour 
aoe 1.121 H 
temperature —= . 2 RE, 

i 70 5.0 105i 0.0032 H:O 
70 5.0 1095 came 0.0020 “ 
70 5.0 1.098 “ — 

90 3.0 0CZ eames 0.0043 “ 

90 3.0 07mm 0.0020 “ 

90 3.0 O7 Si eeet 0.0003 “ 
110 3.0 ile dlefoy= 0.0030 “ 
110 3.0 OG 0.0020 “ 
110 3.0 TOG 1 es 0.0000 “ 
130 3.0 Ok 8 0.0033 
130 3.0 1045") 0.0020 “ 
130 3.0 10467 0.0013 “ 
150 3.0 LO3Ggee: 0005 saeae 
150 3.0 O29 0.0023 “ 
150 3.0 03) == 
170 3.0 22 0.0030 “ 
170 3.0 1.009 “ 0.0040 “ 
170 3.0 1.004 ‘“ 00017 ae 
170 3.0 WOO 0.0010 “ 
170 4.0 0.999 “ 0.0005 “ 
190 3.0 0.984 “ 0.0050 “ 
190 3.0 0:97 sone 0.0039 “ 
190 4.0 (OM ELE) 0.0032 “ 
190 5.0 O:955ers 0.0012 “ 
190 3.0 01052 0.0005“ 
210 5.0 0924 0.0056 “ 
210 540) 0.908 “ (0003) imme 
210 5.0 ONS. Oe 0.0001 “ 
210 5.0 O!895. 0:00 7s 
230 5.0 O:S56meuae 0.0078 “ 
230 5.0 O:S30 Res 005 ieee 
230 5.0 0.798 “ (00065 aes 
230 5.0 0:7 62a 0.0071 “ 
230 5.0 0742 0.0042 “ 
230 5.0 OF Oe OL00GSiaae 
230 5.0 067855 0.0065 “ 
230 5.0 O65 eee 0.0054 “ 
230 10.0 0.598 “ 0.0053.“ 
230 10.0 O555etne 0.0042 “ 
230 5.0 OMS 3Gtemaes 0.0039 “ 
230 10.0 0) 509Rmee 0:0027-4 
230 8.0 0:47 Ome 0.0041 
230 7.0 0.440 “ O;0052aae: 
230 10.0 OIG) 0.0025 .5a 
230 10.0 OMO0 mau (0,00 26 
230 10.0 Ostia 0.0004 “ 
230 5.0 Obstet) O00 35amme: 
230 5.0 O13 5 eee 00021 aie 
230 10.0 O34 78 KOON) 
230 2:5 0343 tee a 
250 4.0 0.297. “ O0125 sain 
250 11.0 O22 4a 0.0066 “ 
250 10,0 0.198 “ 0.0026 “ 
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TABLE V—Continued 


Temperature Duration of Composition Rate of Dehydration 
pues (08 Heating, Hours in Mol. per Hour 
250 5.0 0.192 HO 0.0012 H:0 
250 5.0 0.173 0.0039 
250 5.0 OSA) 
280 5.0 O64 0.0018 i 
280 10.0 O54 0.0010 “ 
280 5.0 Ou S Ts 0.0006 “ 
280 5.0 0.149 “ 0.0004 “ 
280 5.0 0.149 “ 0.0000 “ 
320 5.0 0.144 “ 0.0009 “ 
320 5.0 const. — 

TABLE VI 


CrysraL Hyprate Fe:O;.H20 Grounp witH QUARTZ 


See Fig. 2, curve C. 


“Ground B.” 
Temperature Duration of Composition Rate of Dehydration 
im: Ce Heating, Hours in Mol. per Hour 
Room 
temperature — 1.534 HO 
90 5.0 1.495 0. 0078 H20 
90 10.0 1.465 “ 0.0030 
90 5.0 1.447 “ 0.0036 “ 
90 10.0 1.437 -* 0.0010 “ 
120 5.0 1359 eee 0.0156 “ 
120 10.0 hsyas 0.0031 “ 
120 5.0 520 ieee 0.0008 “ 
150 5.0 1246 “ 0.0148 “ 
150 15.0 iy 0.0039 “ 
150 8.0 ilies 0.0007 “ 
170 5.0 TGP x 0.0058 “ 
170 5.0 IGS), =» 42 0.0038 “ 
170 10.0 Wee) 0:00 7s 
170 10.0 1.088 “ 0.0028 “ 
170 5.0 FOSS ies 0.0070 “ 
170 5.0 iLO — 
190 5.0 075i — 
190 5.0 TOIL 0.0024 “ 
190 10.0 OOSmaas O00Z3iS 
190 10.0 0975s O0033 ie 
190 10.0 Ore 0.0020 “ 
190 4.0 O97 San — 
190 6.0 CHOW A 2% 0.0053“ 
210 5.0 0.859 “ 0.0106 * 
210 10.0 0.806 “ () 00S Sees 
210 8.0 8:79 0.0034 “ 
210 10.0 Oveyy (00225 
210 10.0 0:745e08* 0.0012 “ 
210 7.0 OP738iiens 0,00 Lia 
210 10.0 0.742 “ = 
210 10.0 O:7 2655 0.0006 “ 
210 5.0 OZAKO  - 0.0031 “ 
230 5.0 (Oeeesih 00059 
230 10.0 O62 sae 0.0069 “ 
230 10.0 1577s 003 Sime 
230 4.0 O25 Sou 0.0059“ 
230 5.0 O39 0.0027 “ 
230 10.0 750 Zia 0.0008 “ 
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TABLE VI—Continued 
Rate of Dehydration 


Temperature Duration of Composition 

payee Oe Heating, Hours in Mol. per Hour 
230 10.0 0.520 H:O 0.0012 H2O 
230 10.0 0;500; = 0.0019 “ 
230 oo) 0.500 “ 0.0000 “ 
270 5.0 (Ao 0.0349 “ 
270 5.0 (Os) & 01003 ae 
270 10.0 0290 eis 0.0020 “ 
270 10.0 CAA — 

270 10.0 OFZ 7s 0.0010 “ 
270 10.0 O25/paes 0.0014 “ 
310 5.0 O23 7am 0.0039 “ 
310 10.0 (VR 0.0006 “ 
310 5.0 O24 ee — 

310 10.0 0253 — 


In agreement with what was expected to occur, the dehydration of the 
natural goethite crystals (curve A) began just above 240° C.; white at 
temperatures below 240° the composition of the substance remained per- 
fectly constant, being that of the monohydrate, at this point a sharp break 
occurs. 

If now we turn our attention to the curve B* for “grinding A,” we 
realize that the temperature at which loss of water begins appears displaced 
to the left side, towards lower temperatures, and that the well-pronounced 
break observed in curve A underwent transformation into a sensibly smooth 
bend. 

And the dehydration curve C* which corresponds to “grinding B,” z.e., 
to a powder of still higher degree of dispersity than that of the “grinding 
A,” fails already to exhibit any traces whatever of the sharp break char- 
acteristic of the dehydration curve A which corresponds to coarsely dispersed 
crystals; the curve C shows rather complete agreement in type with the 
dehydration curves as obtained for colloidal (gelatinous) hydrates prepared 
by chemical precipitation. 

The most conclusive evidence of the correctness of our reasoning is 
afforded by the dehydration curves plotted by the author in Fig. 2 accord- 
ing to J. M. van Bemmelen’s data for the so-called “yellow” and “reddish- 
brown” colloid precipitates of iron hydroxide. 

We need but compare the form of the curve D for the “yellow” colloid 
iron hydroxide precipitate with that of the author’s curve B for “grinding 
A,” to see clearly that they are almost identical; for if we lift the curve B 
and displace it somewhat to the left, it may be brought sensibly to coincide 
with curve D. 

As regards the curve FE for the “reddish-brown” colloid iron hydroxide 
precipitate, its lower part is altogether identical in type with the curve C 
for “grinding B.” 

There are two conclusions to be derived from this comparison: firstly 
that the “yellow” colloid iron hydroxide precipitate is of a lower degree Of 
dispersity (contains larger particles) than is the “reddish-brown” one; and 
secondly, that a dehydration curve closely approaching the curve E may be 
obtained for the goethite by more perfect subdivision than that of “grind- 
ing B, 

*Tt should be borne in mind that the dehydration curves B and C thus obtained represent, as it 


were, resultants of the various curves corresponding to the different sizes of grain maki 
the powder under investigation, since these powders are “‘polydisperse.’’ & aking part of 
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A further point of interest to be raised in the present connection is the 
agreement in type of the dehydration curves for the mineral limonite studied 
by H. W. Fischer * with the curve for “grinding A” found by the author 
(see Fig. 3; the broad line is that of “grinding A’’). 

As regards the dehydration rate in the cases studied by the author, it 
was found to show successive rise as the temperature rose, from 240° C.— 
the temperature at which the hydrate starts setting free its water—up to 


700 200 


T. emperature 
Bichon 


265° C. (see Table IV) ; the last 0.1 mol of water is, however, never driven 
off even at 320° C. 


III. ConNcLusIOoNS 


On the ground of his experimental results, the author feels himself en- 
titled to draw the following general conclusion: by means of progressive 
mechanical subdivision of crystals of hydrates with crystallization water, viz.: 
by increasing the degree of dispersity of these crystals, a change in form 
of the dehydration curves is obtained, which may be carried so far that the 
curves would assume a form hitherto believed to be characteristic of the 
dehydration curves of the so-called colloid (gelatinous) hydroxides. 

To put it in a different way, the progressive increase in degree of dis- 
persity brought about by mechanical disintegration of a crystalline substance 
leads to the transformation of “crystallization” into, as it were, “adsorption” 
water. 

All the above experimental results show perfect agreement with the re- 
quirements of P. P. von Weimarn’s theory. 


658 COLLOID) CHEMISTRY 


The present experiments were carried out in the Laboratory of Physical 
Chemistry of the Kyoto Imperial University; the author’s thanks are due 
to the Director of the said laboratory, Prof. Y. Osaka. 

Acknowledging his indebtedness to Prof. P. P. von Weimarn for the 
suggestion of the problem treated, the author wishes to express his thanks to 
Prof. P. P. von Weimarn for having guided the author’s work. 
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Quantitative Researches on Mechanical Dispersoid 
Synthesis 


Under direction of Prof. Dr. P. P. von Weimarn * 


By Senjr Utzino, M.D. 
Biochemical Institute, Medical Dept., Imperial University, Kyoto, Japan 


INTRODUCTION 


The preparation of disperse systems by means of purely mechanical dis- 
integration of crystalline substances has so far received but little exact quanti- 
tative study. In 1910 a mechanical method was suggested by P. P. von 
Weimarn,* consisting in the progressive grinding of the substance together 
with some other indifferent solid dilution material.t The dilution material is 
to be selected so as to dissolve easily in’ the liquid dispersion medium, while 
leaving the particles of the pulverized substance in the colloidal state. 

On the basis of his crystallization theory of the colloids P. P. von Wei- 
marn was led to suggest the preparation of colloids by grinding crystals; the 
very idea would obviously seem preposterous, to convert crystals into colloids 
simply by mechanical treatment, so long as “colloid” and ‘‘crystal” were re- 
garded as antithetic concepts. 

According to P. P. von Weimarn’s theory of mechanical disintegration, 
it is possible to prepare a series of disperse systems of progressively increasing 
degree of dispersity, by progressively grinding a crystalline substance with 
increasing amounts of dilution material. 

In his work, “Kolloides und kristalloides Loesen und Niederschlagen” 
(Kyoto, 1921), “ P. P. von Weimarn has further recommended the appli- 
cation of low temperatures, e.g., of liquid air and of a mixture of solid carbon 
dioxide and ether. According to his opinion, the grinding at very low tempera- 
tures would stimulate the action on each other of the atoms of the substance 
and the dilution material, thus favoring dispersoid synthesis. 

The first to apply the above P. P. von Weimarn’s theory of mechanical 
division for practical purposes was N. Pihlblad,* who thus succeeded in pre- 
paring a hydrosol of “Anilinblue 2B” by grinding it with the addition of urea; 

Afterwards he ground rhombic sulphur * with urea in an agate mortar; 
he proceeded as follows: first 0.0522 g. S + 0.4698 g. urea ground for half an 
hour; then 0.1214 g. of this mixture + 1.0929 g. urea ground for 40 minutes, 
and last 0.1180 g. of this second mixture + 1.0620 g. urea ground 40 minutes. 

By placing the powders thus prepared in water, he obtained a series of 
sulphur hydrosols; in these he determined the size of particles as follows: 


* For a more detailed presentation of that work, especially from its theoretical side, see: P, P. 


von Weimarn and S. Utzino: “Mechanical Dispersoid Synthesis, its Theory, and the Results 
Obtained in Practice’ (now in state of preparation for the ‘‘Kolloidchem. Beih.’ 

About the influence of electrolytes on the dispersoid solutions prepared by the mechanical 
method, see: P. P. von Weimarn and S, Utzino, Memoirs of the ee of Science Kyoto Imperial 
University, 8 geet A), 291 (1925); Koll. Zeitschr., 86, 265 (1925 and Chemical Reviews, 2, 


Fi 18-24 (1925). 
nh + The term dilution is not meant here to be suggestive of any kind of dissolving action. 
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215 wu for the second mixture. 
120 wu for the last mixture. 


A. L. Stein, a student of P. P. von Weimarn, has carried out a large num 
ber of experiments ° with crystals, both natural and artificial, and succeeded it 
preparing, at the suggestion and under the direction of P. P. von Weimarn 
dispersoid solutions of the following substances: S, Se, Te, Sb, Au, Al,Os. 
H.O (diaspore), Fe,O, (iron-glance), Cu,S (chalcocite), PbS (galena) 
Sb.S, (antimonite), CoCl,.6H,O (in CsH.), As2Sz (orpiment), NaCl (ir 
CeHe). 

The experimental work above mentioned (N. Pihlblad, A. L. Stein *) 
failed, however, to give such quantitative experimental data as would comply 
with the requirement of P. P. von Weimarn’s theory, that very highly-disperse 
systems may also be prepared by the method of progressive disintegration. 
To fill this gap, was the task suggested by Professor P. P. von Weimarn tc 
the present author. 


EXPERIMENTAL 


A. Experiments at Room Temperature. 


At Professor P. P. von Weimarn’s suggestion, the following ten substances 
were taken by the author for the series of experiments here to be described: 
S, Se, Te, Au, Ag, Hg, BaSO,, Al(OH)s, Sb2S, (stibnite) and denatured 
protein.® 

Since the principle of P. P. von Weimarn’s mechanical disintegration 
method implies the use of some indifferent solid dilution material, some details 
must first be given concerning the indifferent material used and the procedure 
of dilution adopted in the present experiments. In all his experiments at 
room temperatures and in some of the experiments at low temperatures, the 
author took pure anhydrous glucose (E. Merk) as dilution material; in special 
cases of experiments at low temperatures, pure ice prepared from re-distilled 
water, and sometimes urea, were also used. 

In the present experiments in most instances the grinding was done by 
hand in an agate mortar, except that in a few cases the grinding of the mix- 
tures was accomplished by a mechanically driven grinding machine, and the 
agate mortar was replaced by a silver or iron mortar. The quantities succes- 
sively added of the dilution matter and the duration of grinding were as 
follows: 

0.1 substance + 0.9 glucose ground 50 min. 
0.1 of this mixture + 0.9 glucose ground 50 “ 
0.1 of the second mixture + 0.9 glucose ground 50 “ 
0.1 of the third mixture -+ 0.9 glucose ground 50 “ 
0.1 of the fourth mixture + 0.9 glucose ground 50 “ 


A good dispersity was obtained for Se, S and Te after grinding with the 
addition of glucose in the above proportions, when taken up with redistilled 


water. 


* Some four years after the publication by P. P. von Weimarn of his theory of mechanical dis- 
integration (Joc. cit.), G, Wegelin succeeded in preparing disperse systems simply by grinding with 
or without the addition of water the substances, e.g., silicon, antimony, tungstic acid, titanic acid 
molybdic acid, vanadium trioxide and melted vanadic acid; the last named substance ‘has especially 
been subject to his study. He failed, however, in obtaining good results with the following sub- 
stances: copper, bismuth, tellurium, selenium, sulphur, graphite, CuO, PbOs, ZnO, CoO, Fe.Os, CaF 
violet chromic chloride (Koll. Zeit., 14, 65 (1914). Z z 3 ar Se 5 

As will be seen from my present publication, dispersoidal solutions of a high degree of di ity 
of Se, Te and S are easily prepared by P, P. von Weimarn’s mechanical Teehed Sch doris ten 
dence that, by replacing, as G. Wegelin did, the solid ‘‘dilution matter’? by a liquid one, no better 
results are obtained, in a general way, in the mechanical synthesis of disperse systems. y 
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__As was pointed out in my preliminary communication,’ the dispersoid solu- 
tions obtained by the mechanical method were sometimes so polydisperse that 
a sediment of coarse particles could be noticed soon after the preparation; but 
after the complete separation of these coarse particles, long lived dispersoid 
solutions with fine particles remained behind. I have dispersoid selenium, 
tellurium, and silver solutions which still persist, and thus exhibit a stability 
exceeding 3%4 years.* 

I was able to obtain far better results with all the above ten substances 
when grinding the mixtures by small portions in the following way: 


Ist grinding : 0.9 glucose + 0.1 substance; ground 1 hour. 

2nd grinding: 0.9 glucose + 0.1 of Ist grinding; ground 1 hour. 
3rd grinding: about 0.2 of 2nd grinding; ground 1 hour. 

4th grinding: 0.1 glucose + 0.1 of 3rd grinding; ground 1 hour. 


If under vigorous stirring the powders thus obtained were brought into 
redistilled water, this resulted into the formation of good dispersoid solutions 
(especially in the case of the 4th grinding). The results of this series of ex- 
periments are given in Table I. 

In view of the fact that the grinding of the mixtures was accomplished by 
small portions, and that also the dilution material was never added in large 
amounts at a time, the author was able to reach a very perfect comminution of 
the substance by strong and uniform grinding. 

In some cases, ¢.g., in those of Se, S and Sb.Ss, it took about a week, up 
to one month, after the preparation of the dispersoid solutions, for the deposit 
of coarse particles to be noticed. 

These facts tend to show that, under the above indicated conditions of 
grinding, the dispersoid solutions prepared by P. P. von Weimarn’s mechanical 
method already approach, to a certain extent, the state of a monodisperse 
solution, and that anyhow they are not inferior to dispersoid solutions which 
were obtained by chemical or physico-chemical methods, so far as uniformity 
of grain and stability are concerned. 

By the term “maximum stability” of the dispersoid solutions the time is 
designated from the moment of the preparation of the solutions up to the 
moment when they became transparent and showed no longer any appreciable 
Tyndall effect (1.e., when the particles have nearly all settled down). 

It will be realized from Table I and Fig. 1 that the maximum stability of 
the dispersoid solutions prepared by P. P. von Weimarn’s method almost 
coincide with the highest degrees of dispersity. 

The results made public earlier in my preliminary paper did not always 
exhibit such coincidence of the stability with the highest degree of dispersity ; 
the solutions of the highest degrees of dispersity which were prepared in the 
hottest summer days, and at temperatures varying within somewhat wide 
limits at that, having all coagulated in comparatively short time. 

So it happened that the dispersoid solenium solutions of the highest degree 
of dispersity attained, which were prepared during the summer, were all 
coagulated after two months, while those prepared in the autumn proved -very 
stable, since they remained unaffected by such agents as heat and inconstancy 


of temperature. 


*Tt must her2 be noted, see P P. von Weimarn and S. Utzino, Memoirs of Kyoto Imperial 
University, 8, 292 (Footnote 1) and Koll.-Zeitschr., 36, 265 (Footnote 2), that the particularly high 
stability of the dispersoidal solutions of these three substances is due to special chemical reactions 
taking place between the oxide compounds of Se, Te, and Ag that were formed in the act of grinding, 


and the sugar. 
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The determination of the mean size (in wu) of the particles was made by 
the well-known method of counting the number of particles present in an 
optically limited volume (ultramicroscope of H. Siedentopf and R. Zsigmondy ) 
under assumption of a cubic form of the particles. 

In complete agreement with Prof. P. P. von Weimarn anticipation,® 
I succeeded in reaching a size of particles smaller than the average size 
of dispersoid dimensions (50 py), except, so far, for Au and denatured 


protein. 


y 


Maximum stabilit 
(in months) 


ON ORD 20555 30s A050 COM TON 60) OONNE 00 
Size of particles, 
W Selo )) 


Fic. 1—Relation between the maximum stability and the size of particles. The con- 
centration of the dispersoid solutions was approximately the same. 


_ It was further pointed out by Prof. P. P. von Weimarn that a series of 
dispersoid solutions can be prepared of gradually increasing dispersity degree 
if the dilution material is added in gradually increasing amounts; this fact hes 
been shown experimentally by the author, as may be gathered from the exam- 
ination of Table II and Fig. 2. In the first four grindings, in which the 
amount of the dilution material added was constant, the degree of dispersity 
is found to increase as the time of grinding increases; and in the next three 
grindings, in which progressively increasing amounts of the dilution material 
were added, the increase in degree of dispersity is still more striking, bein 
dependent on both the dilution and’ the time of grinding (Table II). ‘ ‘i 
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B. Experiments at Low Temperatures. 


_ As suggested by Prof. P. P. von Weimarn,® the quantitative study would 
be both important and interesting of his mechanical method for the domain of 
low temperatures. 

The author used, for this purpose, a cooling mixture of solid carbon diox- 
ide and ether, and also boiling liquid air. The substance was first ground in 
an agate mortar, together with glucose as dilution material, at room tempera- 
ture, and the last grinding was carried out at low temperature. For the grind- 
ing at low temperature mortars were used of silver, of iron and of agate and 
silver, dependent on the substance treated, for silver, mercury and gold re- 
spectively. 


Size of particles (in uu), 


0) 50 «300 «150 = 200 250 300 350 400 450 


Fic. 2—Time of grinding (in minutes). A-B—The amounts of dilution matter added 
were constant, only the time of grinding was. increasing. B-C—Not only the time 
of grinding was increasing, but also the amount of dilution matter added. 


Denaturated protein was first ground without the addition of dilution 
material at room temperatures, and subsequently with the addition of pure 
ice (made from re-distilled water) in an agate mortar at low temperature. 

The results obtained in preparing dispersoid solutions from these powders 
are shown in Table III. 

In this series of experiments the dispersoid solutions prepared were found 
to be polydisperse, since the time of grinding was comparatively short and the 
portions ground at a time were not very small. 

Since the systems treated were of a polydisperse nature, and in considera- 
tion of the fact that the determination of the particle size was accomplished 
before the coarse particles had settled down, ‘the values found may only be 
regarded as approximate values of the particle’ size. 


1 


Names of Substances 


Prepared in the State 


Names of Dilution 
Matters Ground To- 
gether with the 


T 


QuantiTATIvE Data CoNceRNING DISPERSOID SOLUTIONS PREPARE 


Dispersion Medium 


4 


5 


Number of Times of (SU of the Tim 


Grinding, in 


of Dispersoid Substances. Grinding : 
Solutions Data Concerning Minutes 
Temperature 
Se Pure anhydrous glucose|Redistilled water (sil- 4 240 
(metallic crystals) jof E. Merk. ver condenser). 
At room temperature. 
Te ditto ditto 4 240 
(metallic crystals) 
ditto ditto 4 240 
(thombic crystals) 
Al(OH)s3 ditto ditto 4 240 
(distinct microcrys- 
tals) : 
BaSO4 ditto 55 per cent ethyl alco- 4 240 
(distinct microcrys- hol. 
tals) 
SboS83 ditto Redistilled water (sil- 4 240 
(natural crystals) ver condenser), 
SbeSg ditto ditto 4 240 
(artificial crystals) 
Ag ditto ditto 4 
(silver foil) 2g 
Hg ditto ditto 3 The mixture 
ground for 15 |] 
by a grinding mac 
and for 110 mi 
by hand, 
Au ditto ditto 4 
(gold foil) 240 
Denatured protein ditto ditto 4 240 


(egg albumin) 
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I 


Room TEMPERATURE By P, P. yoN WEIMARN’s MECHANICAL METHOD 


_ Size of the Particles, 
in £m 


28.8 


7 
Concentration of ‘the 


8 


Disperse Phase in 1 |Qolor of the Dispersoid 


Litre of Dispersion 
Medium (in 
Grams) 


0.0025 


29.7 


41.7 


46.7 


0.0025 


0.0025 


Solution by Trans- 


Opalescence 


mitted Light 


Orange yellow. 


Yellowish brown. 


10 


Maximum Stability 


Quite transparent. 


A smallest quantity of 
a deposit was remarked 
ifter 2 months. 
Maximum stability 1 
year. 


Quite transparent. 


After 2 days a small 
quantity of deposit was 
remarked, 
Maximum 
year. 


stability 1 


Reddish orange. 


Faint bluish opales- 
cence. 


The first deposit of 
coarse particles was re- 
marked after a week, 
Maximum stability 8 
months. 


0.0025 


38.0 


32.8 


0.0025 


Colorless. 


Colorless, 


Quite transparent. 


The first deposit of 
coarse particles was re- 
marked after a week. 
Maximum stability 5 
months. 


Transparent. 


Already after 24 hours 
a smallest quantity of 
deposit was re- 


stability 5 


0.0025 


Yellow. 


Without appreciable 
opalescence. 


the case of artificial 
erystals. 

Maximum stability from 
to 10 months, 


ca) 


24.1 
The size was deter- 
mined after two weeks 
(sunlight illumination). 


0.0025 


0.00125 


The amount of deposit 
of coarse particles 
formed after 24 hours 
was determined and 
subtracted from the 
total content. 


Yellow. 


Without appreciable 
opalescence. 


The first deposit of 
coarse particles was re- 
marked after 1 month. 
Maximum stability from 
5 to 10 months. 


Yellowish 


Opalescence was_ re 
marked, which became 
weakened after the de- 
position of coarse par- 
ticles. 


orange, 


Already after 24 hours 
a smallest quantity of 
coarse particles was 
deposited. 

Maximum stability over 


iY years, 


0.00250 


Brownish 


Faintly turbid with 
greyish opalescence. 


orange. 


The first deposit of 
coarse particles was re- 
marked after 24 hours. 
Maximum stability 14% 
months, 


70.5 


0.02575 


Blue, 


Metallic opalescence. 


After 24 hours a de- 
posit of coarse parti- 
cles was remarked. 
Maximum stability 2 
months, 


ea, 100 


0.0025 


Colorless, 


Feebly opalescent. 


A very small quantity 
of coarse particles was 
remarked after 24 
hours. 


Maximum 
months. 


stability 2 
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Only in the case of silver and mercury the amount of the deposit of the 
coarse particles has been exactly * determined and subtracted from the total 
contents, when calculating the size of the disperse particles. 


When the precipitate of coarse particles once settled down, the dispersoid 
solutions were found to exhibit a very great stability most particularly those of 
gold, which even now are still a splendid blue, and those of mercury. which, 
as may be seen from Table I, used to coagulate very soon if the grinding was 
done at room temperature. 


The present researches having been carried out in the laboratory of physical 
chemistry at the Kyoto Imperial University, my best thanks are due to the 
Director of the laboratory named, Prof. Y. Osaka. 

I wish also to express my best thanks to Prof. P. P. von Weimarn, under 
whose direction my work was done. 
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* In the case of mercury, a certain (very small) amount of precipitate was stirred up on pipetting 
the dispersoid solution for chemical analysis, which certainly caused some increase in concentration. 
We have, ‘accordingly, to consider the concentration 0.01 gram per litre indicated in Table III as 
somewhat exceeding the real concentration; as regards the mean size of the disperse particles present 
in this solution, it does not exceed 45 mu, being probably considerably smaller. 
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TABLE II 
Disrersorp SotuTions or SELENIUM OF SUCCESSIVELY INCREASING DEGREE or DISPERSION 
(Prepared by the mechanical method of P. P. von Weimarn) 


Numbers and Times of the Grindings Concentration of 


and the Amount Which Was Dis- Sein 200 C.C; Mean Size of Particles (in yu), Color 
solved in 200 C.C. of Disper- Dispersion and Stability of the 
sion Medium Medium (Water) Solutions 


Preliminary grinding: 
0.1 g. Se + 0.9 g. glucose were ground for 50 m. in an agate mortar by hand. 


Ist grinding: _ 0.006 g. 69.5 wh. 
0.1 g. preliminary grinding + 0.9 Color: brick-red by transmitted 
g. glucose, ground 50 m. light. 
Amount dissolved: 0.6 g. A very small deposit after 24 hours. 
Stability over 1% years. 
2nd grinding: 0.006 g. 65.0 wy. 
3.1 g. preliminary grinding + 0.9 Color: brick-red in projected light. 
g. glucose ground 100 m. A very small deposit after 24 hours. 
Amount dissolved: 0.6 g. Stability over 1% years. 
3rd grinding: 0.006 g. 61.4 wu. 
0.1 g. preliminary grinding + 0.9 Color: brick-red by transmitted 
glucose ground 150 m. light. 
Amount dissolved: 0.6 g. A very small deposit after 24 hours. 
Stability over 1% years. 
4th grinding: 0.006 g. 59.1 wu. 
0.1 g. preliminary grinding + 0.9 Color: brick-red by transmitted 
g. glucose ground 200 m. light. 
Amount dissolved: 0.6 g. A very small deposit after 24 hours. 


Stability over 1% years. 


5th grinding: No dispersoid solution was prepared. 
0.3425 g. of 4th grinding + 0.6575 
g. of glucose ground 50 m. 


6th grinding: 0.00134 g. {35.8 ww. 
0.4 g. of 5th grinding + 0.6 g. of Color: splendid orange, transparent. 
glucose ground 50 m. A very small deposit after 3 days. 
Amount dissolved: 0.9775 g. ner months almost all coagu- 
ated. 
7th grinding: 0.00118 g. 134.4 wy. é 
0.5755 g. of 5th grinding + 0.4245 Color: orange yellow, quite trans- 
g. of glucose ground 50 m. parent. 
Amount dissolved: 0.6 g. A very small deposit after 5 days. 
After 2 months almost all ooagu- 
lated. 
8th grinding: 0.00068 g. |22.7 wn. ; 4 
The residue of 7th grinding was Color: yellow with orange tinge; 
ground 50 m. more. quite transparent. 
Amount dissolved: 0.3475 g. An insignificant deposit was re- 


marked after a week. 
After 2 months almost all coagu- 
lated. 


Names of Substances, 


668 


a 


Prepared in a State 
of Dispersoia 
Solutions 


Ag — 
(silver foil) 
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QuantiTATIVE DaTA CONCERNING DisPERSOID SOLUTIONS 


2 3 
Names of Dilution 
Matters Ground To- 


Number of Times 


Sum of the ‘ 


gether with the F a i eee indin: 
dubstances: Dispersion Medium of Grinding ee 
Data Concerning Tem- 
perature Conditions 
Pure anhydrous glucose|Redistilled water; the 3 200 at roon 
of E, Merk. last time with a silver 50 at low 


At room  temperature|condenser. 
and at low temperature 
(COs + ether). 


2 Hg ditto ditto 3 1350 at roon 
At room temperature The last time in a 50 at low 
by a grinding machine steel mortar. 
and at low temperature 
by hand (boiling liquid 
air), 

3 Au ditto ditto 3 100 at room 

(gold foil) At room temperature. The last time in a sil- 50 at low 
The last grinding at ver mortar, 
the temperature of 
boiling liquid air. 
4 Au ditto ditto 5 240 at room 
(gold foil) At room temperature. 120 at low 
The last grinding at 
the temperature of 
CO, + ether. 
5 Denatured protein |A small quantity of ditto 1 120 
(egg albumin) pure ice. 


At the temperature of 
COs + ether, 
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[PERATURE PREPARED BY P, P. vON WEIMARN’S MECHANICAL METHOD 


6 


Mean Size of the 
Particles, in wu 


7 
Concentration of the 


Disperse Phase in 1 |Color of the Dispersoid 
Solution by Trans- 
mitted Light 


Litre of Dispersion 
Medium, in 


8 


9 10 
Opalescence ‘Stability 


Grams 
24.8 0.0015 Brownish yellow. Faint opalescence A llest it 
} (sunlight The amount of deposit of if he the desea ee Mae) 
illumination) cormed within two marked after 24 hours 
weeks was determined . ai : 
dna’ Peubtraetad a’ trom Maximum stability of 


the total content. 


above 45 wu (sun- 


Not above 0.01. 


the yellow solution 
over 3% years. 


Yellowish-brown 


t illumination) injThe amount of deposit/deposition of 


: brownish - yellow] vas 
ersoid solution left}subtracted from 


the 


nd after sedimen-|total content. 


on of the coarse 
icles. 


determined an d particles. 


after/At first quite turbid,|Coarse particles 
coarse]but afterwards a feeble|deposited almost with- 


were 


in 24 hours and a yel- 
lowish-brown — solution 
remained. 

Maximum stability over 
1 year. 


opalescence remained. 


85.8 | 0.0984 Splendid blue. Yellowish metallic|After 24 hours coarse 
re were visible very glimmer, which wasjparticles were depos- 
y green particles weakened with the de-lited and there re- 
1 the ultramicro- position of the coarse|mained a blue solution. 
E> particles. Maximum stability 3 

weeks. 
_ 68.1 0.0541 Splendid blue. Very faint opalescence.|A smallest quantity of 
} size may appear blue colored deposit 
ewhat too small for was remarked after 24 
yellow particles but Sours. 
See Dene On many, The solution of a 
2 pee Jere splendid blue colur 
- eye might be yersisted for more than 
ean value. 1 year. 
exact study was 0.0560 ‘Faint orange, Feebly opalescent. A deposit of coarse 
ied out. particles was remarked 
after 24 hours. 
Maximum stability 3 
weeks. 
REMARKS 
(1) Ag: The last grinding was carried out at the temperature of a cooling mixture of solid CO, and 
ver. The particle size, the maximum stability and the color of the dispersoid solutions were nearly the same 


those of the dispersoid solutions prepared by grinding at room temperature (Table I). 

(2) Hg: The first two grindings were accomplished in a mechanically driven grinding machine, and the 
st grinding in a steel mortar with the hand, at the temperature of boiling liquid air. By placing the pul- 
rized mixture in water of the room temperature, a very concentrated disperse system was obtained which was 
ite turbid; after, however, the coarse particles had settled down, a dispersoid solution of characteristic 
awnish-yellow color was left. : 

(3) Au: For the experiment the mixture was taken indicated in Table I; it was submitted to further 
inding, first at room temperature during one hour, and then, after the addition of a certain quantity of the 
lution matter, during two hours at the temperature of a cooling mixture of CO, and ether. The dispersoid 
lution obtained was a beautiful blue and proved very stable; it still retains its color though 1 year has 
ipsed since it was prepared. 

(4) Denatured protein stuff: Well dialyzed egg albumin was caused to coagulate by heat; after washing, 
® coagulum was dried in a desiccator. The coagulum powder thus obtained was then allowed to freeze with 
small quantity of redistilled water in an agate mortar at the temperature of a mixture of solid CO» and ether, 
d ground for two hours. By taking up the ground product with redistilled water, a dispersoid solution was 
tained, faintly opalescent and faintly colored reddish-orange by transmitted light. The ultramicroscope 
vealed an abundance of scarcely visible particles. 


Difficultly Soluble Silver Salts, Their Preparation and 
Properties 


By Pror. Dr. A. LorrerMosEr, Dresden, Germany * 


In general, when potassium iodide is permitted to react with silver nitrate, 
one would expect that a flocculent precipitate of silver iodide would result. 
That is, however, not the case. Whether or not a visible precipitate is 
obtained depends upon the conditions under which the reaction takes place. 

If 20 cc. of a N/10 solution of KI are diluted to about one liter and 
if to this solution, vigorously agitated by a motor driven stirrer, we add 
drop by drop a N/10 AgNOsg solution from a burette, no clouding of the 
solution takes place after the addition of the first few drops. Instead the 
solution takes on a greenish color. On the further addition, drop by drop, 
of the AgNO, solution, the solution gradually becomes more and more 
opalescent, until finally, when nearly equivalent quantities of KI and AgNO; 
are present, there is observed a rapid increase in the opalescence. However, 
as long as KI is still in excess no real cloudiness can be observed. The 
solution still remains translucent when observed with an incandescent elec- 
tric lamp behind it. Cloudiness followed by gathering together of a flocculent 
precipitate first takes place when KI and AgNO, are present in equivalent 
quantities in the solution. In the example just described a colloidal solu- 
tion results as long as KI remains in excess. Complete flocculation of the 
AgI formed will occur when the KI and AgNO, are present in equivalent 
quantities.” 

Furthermore it has been found that the colloidal formation is not limited 
to this particular case of an excess of KI. The reaction proceeds on the 
whole exactly in the same way, when, for instance, 20 c.c. of a N/10 AgNO, 
solution which has been diluted to about one liter and which is vigorously 
stirred as in the foregoing experiment, has a N/10 KI solution added to 
it from a burette drop by drop. As long as there is an excess of AgNO; 
present the AgI remains in the colloidal state. As soon, however, as the 
AgNO, and KI are present in equivalent quantities complete flocculation of 
AglI takes place.? 

The question now arises as to what causes underlie the formation colloidal 
Agl. If we examine the colloidal solution obtained in the presence of an 
excess of KI as to its behavior in electrophoresis, we find that the Agl 
travels towards the anode and therefore carries a negative charge. Similarly 
examination of the colloidal AglI solution prepared in the presence of an 
excess of AgNOs shows that in this case the colloidal AgI carries a positive 
charge, for it travels towards the cathode. The reaction can be considered 
as taking place as follows: 


KI + AgNO, = Agl + KNO,. 
* Translated by Dr. Julius Alsberg, New York. 
670 


DIFFICULTY ASOLUBLE SIDVER SALTS 671 


However, as in each case, regardless of whether KI or AgNO, is in excess, 
KNOs results during the conversion, the latter can play no significant part 
in the formation of the colloid. It is, therefore, more correct to consider 
the reaction as an ion reaction as follows: 


I? + Agt 2 Agl. 


It is now at once clear that, with KI in excess, the iodine ion will bring about 
a negative charge, and that with excess of AgNO, on the other hand the 
silver ion will bring about a positive charge of silver iodide; i.e., in the first 
case the AglI as the dispersed phase adsorbs the I from all the molecular 
forms present in the solution; similarly in the second case it adsorbs the Ag’. 
We can, therefore, schematically formulate the negatively charged colloidal 
silver iodide as follows: 


(wAgl)I- + Kt 8 


or taking into consideration also the adsorption of the remaining kinds of 


molecules : 
xAglI ss . 
tere en). apa 


i.e., we can consider it as an electrolyte with a strong complex anion and 
a simple cation. Analogously the schematic formula for the positively charged 
AglI sol will be as follows: 


(yAgl)Ag* + NOs 


yAgl ; : 
(Sao, eR ps: 
The difference between such complex colloidal ions and the hitherto known 
complex ions is very considerable. In the case of the latter there exist, 
under all conditions, stoichiometric relations of a simple character between 
the neutral part and the complex formation. For instance, in the ions AglI,- 
mere exists the ratio of Agl:I-=1:1 and for Agl.-- the relation of 
1:1 = 1:3 .0r in the ion Ag,I* the relation Agl: Agt = 1:1. In the case 
of the former the relation or ratio can have any possible value, and x and y 
-an reach very great values. 

There is one further condition that must be satisfied in order that Agl 
may form a hydrosol during the inversion of I- and Ag*. A certain total 
oncentration of the solution must not be exceeded. This concentration limit, 
ibove which a precipitate of AgI at once forms, depends upon the nature 
of the other ions present in the solution. If silver nitrate is permitted to 
react with potassium iodide, a hydrosol can already be obtained with a N/8 
solution of KI. If, however, barium iodide or cadmium iodide is employed 
n place of potassium iodide, the concentration must be reduced to N/100 
o obtain a hydrosol. At the same time Ag,SO,, to the extent that its 
smaller solubility will permit, can replace AgNO, without detrimental result. 

When on the other hand iodine ions are added to an excess of silver ions, 
t makes no difference whether solutions of potassium iodide, barium iodide 
xx cadmium iodide are employed. When their N/20 solutions are added 
o N/20 silver nitrate solution, an AgI hydrosol results. If, however, we 
substitute silver sulphate for silver nitrate there results at once, even with 
Y/100 solutions, a precipitation, 7.¢., a gel formation.* 


or more exactly 
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These observations are in complete accord with the well known law tl 
negatively charged sols are the more readily precipitated by electrolytes, | 
greater the valency of their cations; that, therefore, their precipitat 
threshold value decreases rapidly with increase in valency of the cation; a 
that, conversely, positively charged sols are especially sensitive to the acti 
of electrolytes with polyvalent anions. We will again observe this rule 
the case of ion reactions which result in other difficultly soluble silver salts. 

If now we compare the reaction between I and Ag* in case A (whe 
iodine ions are in excess), with case B (where silver ions are in exces 
we find, as is clear from the maximum concentrations given, that the ne; 
tively charged AgI sol is more stable than the positive AgI sol. The forn 
can form in much greater concentration than the latter. Furthermore it 
found that in general sol A requires fewer iodine ions for its existence th 
sol B requires of silver ions; that in case A the floc formation approacl 
more closely to the equivalent point I- + Ag* than in case B, where the f 
formation begins sooner. 


Fquivalent 


Logarithm of the Final Concentration 


~3,0 =250} 


Fixeuel 


When flocculation begins it does not follow that it is complete; 7.e., af 
the settling of the floc the supernatant solution is not necessarily complet 
clear. The point of complete clarity comes after the point where precipi 
tion begins. This point of complete clarity exhibits a peculiar trend with « 
creasing concentration of the reacting solutions. In general it can be stat 
that, with decreasing total concentration, the quantities of silver nitrate a 
potassium iodide required respectively for cases A and B increase, but tl 
the quantity required for B always is less than for A. The following cur 
which holds for not too great a speed of stirring, illustrates the relationsh 
The increase in amount of solution used with increasing dilution is clea: 
indicated. In case B the values lie in a curve which is asymptotic to 1 
equivalent point, while in case A the value rises’ far above this, withc 
being able to show the presence of an excess of silver nitrate in the clk 
solution. That is the reason why the point of clarity coincides with | 
point of electrometric reversal, i.e, with the greatest change or jump 
potential, when the titration is carried on during continual measureme 
of the potential Ag/Ag*. This shifting of the point of clarity and elect: 
metric reversal with the concentration of the solutions employed, is no dot 
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due to the adsorptive action of the silver iodide, which naturally depends 
upon the concentration. If the stirring is carried on at the highest possible 
speed, the curve for case A assumes a direction similar to that already ob- 
tained for case B, namely, asymptotic to the equivalent point (see Figure 2).° 

However, attention must be called to the fact that, with rapid crossing 
of the equivalent point, that is with a rapid addition of an excess of silver 
nitrate solution, of not too great a concentration, to a negative AgI sol or of 
an excess of potassium iodide to a positive hydrosol, no precipitation takes 
place, but instead merely change of charge of the hydrosol. In such case 
the coagulation, which requires a definite period, has not the time required for 
its formation. 

If now we compare the results found in the case of silver iodide with 
the results that were obtained in the case of the reaction between silver ions 
and other anions which yield difficultly soluble silver salts we find the follow- 


Equivalent Point 


Logarithm of the Final Concéntration 


-3,0 -2,0 


Fie. 2. 


ing:® The reaction between bromine ion and silver ion takes place exactly 
the same as that between iodine ion and silver ion. In this case, too, the 
positively charged silver bromide sol is less stable than the negatively charged 
one. Also the reaction between chlorine and silver ion falls in line here, 
only the relationship becomes more uncertain. Instead of forming a nega- 
tively charged sol, more frequently a fine cloudiness results, since the solu- 
bility of AgCl lies at about the limiting value where sol formation still takes 
place without the formation of coarser crystals. In the case of positively 
charged AgCl sol this is not so plainly evident. It can be considered more 
stable than the negatively charged one. Sulphocyanide of silver in its be- 
havior resembles more nearly bromide of silver. In place of the potassium, 
sodium and ammonium salts of the hydrogen-halogen acids with which may 
also be included HSCN, we may employ the free acids without noticing 
any change in the phenomena. In the case of the positively charged sol, 1.e., 
with an excess of Agt, this is not surprising. But in the case of the nega- 
tively charged sol we face an anomaly, since negatively charged sols as a 
rule are very sensitive to the influence of hydrogen ions. This phenomenon 
undoubtedly is due to the fact that in the case under consideration the 
halogen silver compounds adsorb H* only very weakly, whereas other highly 
negatively charged sols strongly adsorb the latter. It has already been stated 
that many valent cations have a strong precipitating action. The substitution 
for Agt of Ag(NH;),* does not have a detrimental influence on the forma- 
tion of the AgI negative sol. However, with an excess of silver salt, 1.e., 
in case B, and with higher concentrations, this substitution prevents entirely 
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the formation of any hydrosol. This is due to the excessive concentration 
of OH- ions in the solution. The same phenomenon can be observed when 
silver nitrate solution is titrated with a potassium hydroxide solution. Curi- 
ously, with an excess of potassium hydroxide solution (in titrating with silver 
nitrate solution) a hydrosol is formed only at very great dilutions and even 
then precipitation occurs at a point considerably in advance of the equivalent 
oint. 

5 It is mostly impossible to form a positively charged sol with salts of 
polyvalent anions, which form difficultly soluble silver salts; or at least only 
in the extreme dilution of the solutions. This becomes more and more pro- 
nounced as the valency of the anion increases, and is especially striking with 
ferri- and ferro-cyanide ions. However, the solubility of the particular silver 
salt in question also has a decided influence. With decreasing solubility the 
effect of polyvalent anions becomes more pronounced. A positively charged 
silver sulphide sol cannot be prepared at all or only in extreme dilution and 
the point of precipitation here lies far ahead of the equivalent point 2Ag**S~. 
Furthermore with negatively charged silver sulphide sols the relationship is 
far from definite. An exact titration of S-- with Ag*, using the point of 
clarity as the end point of reaction, is not possible. Frequently, for reasons 
unknown, the precipitation occurs much too soon. These same irregularities 
are also apparent when we attempt the electrometric titration of sulphur 
_ anion with silver nitrate. The titration is quite impossible. 

The hydrosols of difficultly soluble silver salts may be considered as 
typical hydrophobe sols, as their composition is accurately known. Conse- 
quently they can be used to obtain a clearer and deeper insight into the effect 
of electrolytes on colloidal solutions. The best for this purpose is silver 
iodide or bromide hydrosol; firstly because these sols are very stable and 
secondly because they can be prepared with negative as well as positive charge. 
Consequently it becomes possible to study the mutual effect of positive and 
negative hydrosols.’ 

As is well known, Buxton and his co-workers ® discovered a series of 
different types of coagulation from hydrosols. In part at least these had been 
previously observed by other workers. These various types of coagulation 
can be reproduced with silver iodide sols. The first type, as established by 
Buxton, is that in which flocculation is brought about by means of electro- 
lytes. In this type precipitation of the hydrosol is brought about beginning 
with a definite concentration value of the added electrolytes, called the 
threshold value. All concentrations above this value up to the highest also 
bring about coagulation. The concentration of the hydrosol is not a factor. 
This type already makes its appearance with the conversion of I- with Ag*. 
Above a definite concentration of the added potassium iodide solution, in 
the case of negative silver iodide sol, coagulation of the AgI occurs instantly. 
Similarly, with positive AgI sol, beginning with a definite concentration of 
silver nitrate solution and upwards, only a gel formation is observed. But 
negative and positive silver iodide that have already been prepared also show 
this type of precipitation with electrolytes such, for instance, as acids, or 
alkali nitrates. This type is graphically illustrated in Figure 3 taken from 
Buxton. 

A second type of coagulation is colloidal precipitation. In this case a 
definite quantity relationship (by weight) of two oppositely charged hydrosols 
must exist to bring about coagulation. In the presence of an excess of either 
of the two hydrosols, precipitation does not occur, and the mixture possesses 
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the properties and therefore also the charge of the hydrosol present in excess. 
Buxton represents this type of precipitation by Figure 4. This type of pre- 
cipitation can be well reproduced with negative and positive silver iodide 
sol. At the same time it is found that the point of maximum precipitation 
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in the precipitation zone is not dependent upon the amount of AgI in the 
hydrosol. It depends upon the excess quantities of iodine and silver ions 
present respectively in the negative and in the positive sols. These excess 
quantities must be equivalent for a maximum precipitation effect. 
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This behavior of oppositely charged Ag! sols is in complete agreement with 
the effect of positively charged iron oxide sol on negatively charged stannic 
oxide sol as shown by the quantitative experiments of Wintgen. In the latter 
case precipitation occurs, not when equivalent quantities of Fe,O; and SnO, 
are brought together, but when the ions present in each sol which determine 
the charges of the hydrosols and also the compensating ions present in the 
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solutions, are equivalent to each other. However, Buxton ® had already rec- 
ognized that the colloidal coagulation zones can widen in one direction and 
always in that direction where the less colloidal sol is present in excess. 
Thus in the case where negative acts on positive AglI sol, the coagulation 
zone is broadened in the direction of the excess of the less stable positive sol, 
and the further the more dilute the negative AgI sol employed. 

And finally there is a third type of coagulation which covers the so-called 
irregular series. These have been carefully investigated by Bechhold.*° These 
irregular series, up to the present, have been observed only in the case of 
negative hydrosols. According to Buxton their behavior is represented by the 
diagram in Figure 5. It shows that small quantities of the indicated electro- 
lyte do not bring about precipitation, and leave the properties, including the 
charge of the hydrosol, unchanged. Adjacent to this lies the zone of colloidal 
flocculation, in which a definite relationship of the amounts of colloid and 
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electrolyte is required for flocculation. Next to this zone of flocculation lies 
a second zone of non-flocculation, in which the hydrosol is changed over to 
a positively charged one. And finally the phenomenon ends in an electrolyte- 
flocculation zone, in which only the concentration of the electrolyte, and not 
that of the colloid, governs. In the case of a negative hydrosol only such 
electrolytes can give rise to irregular series, as are hydrolytically split, and 
as a result of the hydrolysis give rise to a positively charged sol. Examples 
of such electrolytes are ferric, aluminum and chromium chloride, thorium 
nitrate, etc. If now we examine the effect of silver nitrate solution on a 
negatively charged silver iodide hydrosol, we find the following. A very 
small quantity of a very dilute silver nitrate solution does not flocculate the 
sol. The latter remains negatively charged. A quite appreciable amount of 
a silver nitrate solution will flocculate an appreciable amount of the negative 
Agl sol only when the quantity of the silver ions is exactly equivalent to 
the quantity of iodine ions present in the sol. The result depends not upon 
the concentration of the components, but upon the quantity relationship. If 
silver nitrate solution be added in an excess, which however must not exceed 
a very definite concentration, to negative AgI sol, no flocculation takes 
place, but there results a change in charge to positive silver iodide sol. After 
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this has taken place, as much of the silver nitrate solution of the same con- 
centration can be added as may be desired without bringing about floccula- 
tion. On the. contrary the positive sol becomes rather more stable. How- 
ever, beginning with a definite concentration, silver nitrate solution up to 
the highest concentrations will flocculate negatively charged AgI hydrosol 
irrespective of the concentration of the latter. 

- Although, as has been previously stated, irregular series have up to the 
present not yet been observed in the case of positive hydrosols, nevertheless 
exactly such an irregular series can be brought about, as in the case of silver 
nitrate solution and negative silver iodide sol, by the action of potassium 
iodide solution on positive silver iodide sol. The positive sol in this case is 
converted to the negatively charged one in the secondary non-flocculation 
zone. 
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The Constitution of the Dispersed Micell in Platinum 
Electrosols 


Pror. Dr. ANTONIO DE GREGORIO ROCASOLANO,* 
University of Saragossa, Spain 


In order to study the mechanism of chemical reactions activated by colloids, 
it is necessary to know precisely the constitution of the dispersed micell in 
these systems. By following, as far as may be, its changes in constitution in 
the course of catalytic phenomena, we may find out the basic principles on 
which these catalyzers work, which are no doubt of a chemical nature because 
their catalytic power does not reside in units of the physical order met with 
in the study of colloids.* 

But a study of the chemical constitution of dispersed particles in colloidal 
systems is a problem full of difficulties, for colloids are in their very nature 
very unstable systems from a chemical point of view. The micell, insofar as 
it has the properties belonging to colloids, is a chemical complex which is the 
seat of incessant transformations, activated or retarded by numerous causes 
which, in consequence, produce variations in these systems whereby the dis- 
persed phase tends to lose its characteristic properties. 

We have attempted in several cases to solve the problem of the chemical 
constitution of the dispersed particle in colloidal systems; but we shall here 
refer to only one case, that of electrosols of platinum dispersed in oxygenated 
water. 

When platinum is electrically atomized in water, according to the well- 
known method of Bredig, tiny bubbles of gas are liberated, whose origin is, 
we think, due to dissociation of the water by the electric sparks spitting in 
the midst of it. We believed that by studying this gas, important conclusions 
might be deduced as to the chemical constitution of the dispersed micells of 
the electrosol, and to this end we made several series of experiments. 

In order to collect this gas we caused the electric sparks to jump between 
platinum electrodes immersed in water, placing the arc within a funnel or 
bell which terminates in a endiometric tube as shown in Fig. 1. 

Having obtained enough gas to study (10 cc.), we made some sparks jump 
between the platinum terminals fused into the upper part of the tube. The 
volume of the gas did not show sensible change. Therefore it was no mixture 
of hydrogen and oxygen, although both are evidently formed by decomposition 
of the water by the spark at the moment when the electrosol is formed. 

We examined the gas collected: (1) by introducing into it tiny cylinders 
of yellow phosphorus—after fifteen minutes the volume of the gas had not 
sensibly changed; (2) by mixing with the gas a known volume of hydrogen 
and sparking the mixture—the volume did not change. These experiments 
indicate that the gas contains no oxygen. 

* Translated by Jerome Alexander. 
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Continuing the experiments, we introduced some oxygen into the tube. 
The mixture produced diminished in volume on contact with the colloid, for 
the platinum electrosol catalyses the synthesis of water. We repeated this 
experiment several times and studied it quantitatively. From all this we 
conclude that the gas originally collected was hydrogen. 

Now this hydrogen evidently came from the dissociation of the dispersion 
water, and therefore the oxygen simultaneously formed remained united with 
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the platinum micell, for it could not be dissolved in the water since this was 
initially saturated with oxygen. 

To see if the platinum micells retained the oxygen corresponding to the 
hydrogen collected, we allowed two liters of the platinum electrosol to coagu- 
late spontaneously, collected the coagulum and dried it at ordinary temperature 
in a calcium chloride desiccator. We examined the dried coagulum by placing 
a known weight of it in a horizontal tube connected at one end with a tube 
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for disengaging gas, and at the other with a U tube to dry the carbonic gas 
liberated by the triple-mounted bottle (see Fig. 2). 

Proceeding with due care, after the air had been driven from the appa- 
ratus the coagulum was heated to a dull red. A quantity of gas, which was 
not absorbed by the concentrated sodium hydroxide solution filling the col- 
lection tube, collected in the graduated tube. This gas proved to be oxygen. 
This experiment in conjunction with those previously described show that the 
dispersed micells in platinum electrosols do not consist of pure platinum, but 
of this metal combined with oxygen. 
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The quantity of oxygen thus combined with the platinum varies greatl, 
according to factors as yet undetermined; among them are the current, dis 
tance between the electrodes, purity of the dispersing water.* 

The following is one series of determinations: 


Weight of Pt Atomized Vol. of O Absorbed Vol. Ratio Pt: O 
0.0284 grams O5eeic 1: 378 
0.0351 Poe 0.5 17306 
0:08 75am 0.5 1: 286 
0.0382 “ 0.5 1EEZ8t 
0.0425 “ 0.5 e252 
(0527 0.5 1: 204 
0.0772 = 0.5 12139 
0.1281 ¥ 0.5 1383 
0.1400 “ 0.5 AG 


The following experiments were made to check the conclusions describec 
above. In the presence of sulphuric acid, platinum electrosols (like ozone, 
decompose solutions of potassium iodide, liberating iodine. Using know1 
solutions of potassium iodide and platinum electrosols having a known amoun 
of platinum, we estimated the active oxygen fixed by the micell by determinins 
the amount of iodine liberated by titration with sodium thiosulphate. 

Numerous experiments for determining the oxygen in platinum electrosol: 
by this volumetric method, led to an interesting conclusion: the quantity 0: 
oxygen thus determined is about half of what the electrosol should contain 
calculated on the. basis of the amount of hydrogen set free when the electroso 
was formed. Taking sols made with a current of 2.9 amperes and 90 volts 
the following results were found on comparing the quantity of oxygen deter. 


mined by these two methods: 
C.C. of O Deter- 


Vol. of Dispersion Pt. Atomized C.C. of O Fixed mined Volumetrically, 
Water in Mg. per Mg. Pt. per Mg. Pt. 
ZOO CURSE ee ee 21.0 0.0238 0.0112 
ZOOLC CRU arene 9.5 0.0278 0.0113 
ANON C.Ceeaace ce oe eae 13.9 0.0359 0.0192 
400K C Cac eecurcckeu adem 22.6 0.331 0.0169 


In several previously published papers * we think we have shown that the 
oxygen united with the platinum micell is the active agent in catalytic reac: 
tions in which this colloid takes part, so that the catalytic power of platinum 
electrosols is intimately connected with the amount of oxygen fixed by th 
micells. 

In short, the platinum particle is the support for a platinum-oxygen systen 
formed at the micellular surface. From this point of view metallic colloids 
are allied to biochemical catalysers which also operate in colloidal state. Thu: 
diastases have an organic particle (support) at the surface of which are 
adsorbed the ions which are the active agents in biochemical catalysis. 
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*If this is an adsorption phenomenon, the degree of dispersion of the platinum is most im 
portant. J. A. 


Pyrosols 


By RicHarp Lorenz, Pu.D., 
Honorary Se.D., Professor at the University of Frankfort on Main * 


1. GENERAL INTRODUCTION AND Basic EXPERIMENTS Wits Merat-Foc + 


In 1893, while experimenting on the electrolysis of molten salts, Richard 
Lorenz noticed a phenomenon to which he gave the name metal-fog 
(metallnebel). This discovery has proved of fundamental importance in the 
field of electrochemistry at high temperatures, and of significance in the fields 
of colloid chemistry, of mineralogy, of photochemistry, and of chemical 
technique. 

Observation of the electrolysis of molten salts in transparent vessels, which 
was carried out again by Lorenz for the first time since the work of Faraday ¢ 
made it possible to recognize the metal-fog unmistakably. By way of ex- 
ample, in the electrolysis of pure molten cadmium chloride (anhydrous) in 
a hard glass test-tube,t we see that gaseous chlorine forms at the anode, 
while at the cathode there form heavy, dark-brown clouds, which move about 
in the melt and finally color it completely brown, whereas pure cadmium 
chloride is colorless when melted. The reduced metal falls to the bottom 
of the container, although in small quantities. The major part of the cad- 
mium goes into the brown mist clouds, which move about in the melt. 
After solidifying, the fused mass looks gray, and after extracting with water 
we can isolate a very fine crystalline powder consisting of thin leaves, which 
proves to be metallic cadmium. Molten zinc chloride shows exactly the corre- 
sponding phenomena, and on electrolysis yields a suspension of metallic zinc 
similar to zinc dust.? 

Jointly with V. Czepinski, O. H. Weber, and A. Helfenstein in 1898-1899 
Richard Lorenz observed the formation of metal-fog during the electrolysis 
of salts of lead, tin, bismuth, and silver, and investigated especially the dis- 
turbances caused by this metal-fog; these occur during the electrolysis of the 
molten halides of the heavy metals and decrease the yield of the current. It 
developed that it is not the freed stream of halogen diffusing through the 
molten mass that reduces the yield,§ since this stream passes from the anode 
to the cathode as already mentioned. Metals migrate in molten electrolytes 
generally in the form of metal-fog from the cathode to the anode, where they 
recombine with the halogen (for example, chlorine) to regenerate the original 
salt.? 

Especially important is the establishment of the fact that metal-fog occurs 
independently of the electrolytic process merely through the bringing together 


* Translated by Evelyn Sommerfield, A.B. é et; j , 
+1 owe sincere gratitude to my friend Professor W. Eitel of Kénigsberg, who assisted me in 


the writing of this article. ? i c 
t Bunsen himself performed his masterly work on the electrolysis of molten salts mostly in 


crucibles. ; . ; , j é 
§ As Bunsen had already assumed in his classic experiments in the electrolysis of molten salts. 
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of molten chlorides (bromides, iodides, etc.) with molten metal. Thus R 
Lorenz and A. Helfenstein demonstrated in 1900 at the seventh general meet- 
ing of the German Electrochemical Society * how, on the introduction of < 
metal (i.¢., lead) into the melt of its chloride (i.c., lead chloride), from the 
surface of the molten regulus inside the colorless molten chloride, a fog arises 
often with even explosive violence, distributes itself in the molten mass and 
gradually stains it deeply. By prolonged heating one can reach a definite 
point where the chloride is saturated with metal-fog; at this point the melt 
is of a very dark color and opaque. On gradual cooling, the phenomenon 
disappears again : the metal regulus absorbs the fog to some extent. On sudden 
cooling of the foggy molten halides one obtains gray masses of crystals. 

These solutions and dispersions of a metal in its molten salts R. Lorenz 
(1910+) called “pyrosols,” for he felt that on account of the intense color 
effects shown, this metal-fog must correspond to ordinary metal sols and might 
be equally complex. Because of the high temperature of the dispersion medium 
(here the molten salts) they differ from ordinary sols, as is indicated by the 
mvp = fire. The phenomenon of metal-fog is dependent to a quite remarkable 
extent on the vapor pressure of the metallic substances, which are in suspen- 
sion in the melts. Bromine layered under water gives off its vapor into the 
water, and after a certain period bromine vapor is given off from the surface 
of the liquid. A similar condition exists with metals in the melts of their 
salts: they give off their vapors into the melts, and under some circumstances 
these vapors pass through the melt into the atmosphere. One can observe this 
particularly well with cadmium in cadmium chloride. And just as bromine 
is partly dissolved as such in water, and at the same time shows a partial tend- 
ency to form certain combinations with the solvent, such is likewise the case 
with solutions of metal in molten salts. On supersaturation, condensation 
takes place in the form of colored streaks and clouds (metal-fog). We see, 
therefore, that the phenomenon of pyrosols is a complex one. The formation 
of metal-fog in melts, the solubility of the metals in the melts, the evaporation 
of the metals from the melt, the possible formation of lower chemical com- 
pounds (subchlorides, etc.) which are in equilibrium with the metallic solution 
and other components of the melt—all this forms a complex of related facts, 
which is to be compared with the complex phenomena of the colloid chemistry 
of aqueous solutions. 

The portion of this complex phenomenon first known, is that connected 
with the formation of lower compounds (subhalides). Formerly all phe- 
nomena exhibiting themselves during the electrclysis of molten salts as over- 
voltage, current losses, were attributed to “subhalides,” which, it was assumed, 
formed as a result of the action of metal on the molten salt involved. Holding 
this point of view, H. Davy, in his electrochemical investigations, was the first 
to show that metallic potassium heated with potash forms masses varying in 
color from red-brown to gray, which he called combinations corresponding 
to suboxides.. The same substances form on the electrolysis of potash with 
a strong current and high temperature. Bunsen and Kirchoff noticed losses 
of current on electrolysis of rubidium chloride and caesium chloride which 
they ascribed to the formation of a blue subchloride. By melting metallic 
potassium with potassium chloride in a stream of hydrogen, H. Rose was able 
to produce the same deep blue substances. Sodium and sodium chloride be- 
have similarly. Setterberg attributed the facts observed on electrolysis of 
caesium chloride to the formation of a subchloride. While in the earlier 
statements about subhalides many obscurities and uncertainties prevail, 
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through several recent investigations the existence of various subhalides, as 
it seems, has been securely established. 

A simple solubility of metals in molten salts was, as already mentioned 
above, postulated by Lorenz, in connection with colloidal metal-fog. The 
possibility of such a solution had been previously denied (see below). As 
we shall see later, this hypothesis can no longer be rejected out of hand. In 
his investigations, Lorenz conceived this solubility and the formation of col- 
loidal metal-fog to be a single (complex) phenomenon, and called whatever 
metal passed into the molten salt (including even subhalides formation) as 
“soluble,” in the sense of the language of the older colloid chemistry. The 
determination of the quantities of metal dissolved in molten salts as pyrosols, 
was first carried out by Lorenz and Helfenstein, who showed that very small 
quantities of metal may give rise to the color. The solubility of the metals 
in the chloride melts busied Lorenz fully as early as 1900, and more recently 
the solubilities of sodium and potassium in molten caustic alkalies has been 
minutely investigated by G. Meyer and G. von Hevesy.6 A. H. W. Aten? 
has discussed the question of the solubility of metals in the melts of their salts: 
from the standpoint of conductivity. However, Lorenz, von Hevesy and 
Wolff ® succeeded in determining directly the concentration of the metals in 
the chloride melts by a sort of titration. Furthermore, pyrosols can be pro- 
duced by purely chemical methods, by reducing molten salts without the addi- 
tion of regulus metal. On the other hand, the addition of foreign salts, i.e., 
alkali chlorides, to molten salts of the heavy metals hinders the formation of 
metal-fog in these melts, as Lorenz, H. Frei, A. Appelberg, and the above 
mentioned collaborators showed. Melts already cloudy, lose their fog on such 
additions. This behavior of pyrosols suggests “salting out” in aqueous col- 
loidal solutions, without perhaps being identical with it. In connection with 
this the investigations of R. Lorenz and G. v. Hevesy, F. Kaufler, E. Wolff, 
A. Liebmann and A. Hochberg in the years 1908-1911 may be mentioned, 
which indicate the connection of metal-fog with the surface tension of the 
metal regulus in contact with the salt melt. Here also we find certain analogies 
between the pyrosols and aqueous colloidal solutions. 

The analogy of metal-fog coloration with certain phenomena of the colloid 
physics of solids is of great scientific interest, especially the analogy with 
dilute mineral colors, with salts colored by cathode and radium rays, and 
with the glass colored by metals (particularly gold and copper). Here the 
well-known investigations of R. Zsigmondy found important confirmation 
through the discovery of the metal-fog phenomena. Ultramicroscopic investi- 
gations of metal hydrosols by Zsigmondy, the study of gold ruby-glass 
(Zsigmondy) and of natural blue rock salt (Siedentopf), showed the presence 
of finely dispersed metallic particles. After all these analogies, there remained 
hardly a doubt that pyrosols and the systems represented by their chilled 
products were anything else but colloidal metal suspensions in a molten or a 
solid medium. The presence of ultramicroscopic fog particles in the chilled 
melts of the halides of lead, silver, and thallium, was ultramicroscopically 
demonstrated in the years 1914 and 1915 by R. Lorenz, W. Litel and K. 
rasece: = 

Aside from the interest that the liquid pyrosols possess for such scientific 
questions as the solubility of metals in liquid melts, the existence of a colloidal 


*In the me:ée of molecules, atoms and ions, if there are present an excess number of metallic 
atoms or ions (because of addition of metal, or elimination of halogen), these metal particles may 
be adsorbed at the surfaces of the halide crystals or particles. The slower the chilling, the greater 
the segregation of metal and of halide. Analogous phenomena occur in metals and alloys. { 


684 COLLOID CHEMISTRY 


state at higher temperatures, and the chemistry of lower compounds, they 
(the pyrosols) have also outstanding technical significance. R. Lorenz and 
his numerous collaborators showed that the electrolysis of molten salts is con- 
trolled decisively by pyrosols. The presence and the formation of pyrosols 
(metal-fog) clarifies our understanding of current yield. By help of a knowl- 
edge of pyrosols we arrive at a quantitative theory of these phenomena. While, 
after Faraday’s investigations, it might still be uncertain whether the law of 
strict electrolytic action at higher temperatures holds rigidly, investigations 
concerning the connection of pyrosols with these phenomena of electrolysis 
prove the complete and exact validity of this fundamental law in the field of 
higher temperatures; and it could be proved that the losses in current and 
material are due solely to the presence and properties of pyrosols. Such 
knowledge is of the greatest technical importance, since it is possible on such 
a basis to improve systematically and practically electrolytic processes involv- 
ing liquid melts. Through consideration of the facts about pyrosols the current 
yield has been constantly increasing in the most diverse kinds of factories in 
Europe and America. Both the theory and practice of additions to the melts 
developed from the theory and properties of pyrosols. Besides the electro- 
chemical field, involving current strength, the pyrosols are of importance in 
the field of electromotive force in molten systems which is strikingly dominated 
by them. For pyrosols act at the anode (in contradistinction to the halogens) 
as excellent depolarizers. Therefore the electromotive force at the anode is 
changed. The phenomena of polarization, decomposition pressure, and over- 
cy in molten electrolytes are dependent on the presence and properties of 
pyrosols. 

In photochemistry the solid as well as the liquid pyrosols possess scientific 
and technical interest. Metal-fog has been of especial importance in throwing 
light on the nature of the latent photographic image, as is expressed in the 
silver-germ theory. By 1900 R. Lorenz reached the conclusion that the 
latent photographic image could be nothing other than a very finely divided 
suspension of metallic silver in a silver halide (AgCl, AgBr). He therefore 
became an advocate of the silver-germ theory proposed as early as 1887 by R. 
Abegg, that meanwhile has been abandoned in favor of the subhalide theory, 
according to which the first ray of light that strikes the sensitive photographic 
layer of silver-salt emulsion produces a partial reduction of the silver halide 
(1.e., AgBr) to subhalide (7.e., Ag,Br). The validity of the silver-nucleus 
theory is favored by the observations of R. Lorenz, W. [itel and K. Hiege 
who observed in optically empty crystals of silver halides the development and 
rapid growth of tiny silver particles visible in the light beam of the ultra- 
microscope. 


2. SUBHALIDES 


Heretofore during the electrolysis of liquid melts the manifold forms of 
metal-fog were confounded with the reactions which occur in such melts as 
a result of their hygroscopicity, or the erroneous attempt was made to explain 
the poor yield, current losses, convection currents, for example with chlorides 
entirely by the diffusion of the chlorine evolved at the anode from the anode 
to the cathode. Also on account of the then prevailing uncertainty as regards 
valence, scientists were immoderately inclined to assume the formation of 
lower chemical compounds whenever metal-fog made its appearance They 
hardly considered it necessary to prove the existence of such ete ae 
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Thus numerous articles on the formation of subhalides were printed in the 
text-books without verification, just as though they dealt with well proven 
facts. 

It has been above mentioned that H. Davy in his electrochemical investiga- 
tions ° concerning the electrolysis of potash, was the first to obtain brightly 
colored masses, which he called a “suboxide” of potassium. Similarly Bunsen 
and Kirchoff*° were of the opinion that one must assume the formation of 
-subchlorides of rubidium and caesium during the electrolysis of rubidium 
chloride and caesium chloride. H. Rose*! was able to obtain the same deep 
blue substances by melting metallic potassium with potassium chloride in a 
stream of hydrogen; with sodium and sodium chloride he found corresponding 
‘blue masses of a salt, the color of which he attributed to the probable forma- 
uion of Na,Cl. Finally Setterberg,!? during the electrolysis of caesium chloride, 
noticed a dark brown stream originating at the negative electrode, which dis- 
tributed itself throughout the blue melt of caesium chloride. 

In electrochemical literature, as for example, in Borchers 1® we often find 
the losses of current and the deficient yield of the current in the production 
of the alkali metals from the chloride melts was attributed to the formation of 
subhalides. On the contrary, the more recent observations of Stockem 4 
are important, for they show that the chloride containing metallic sodium 
crystallizes regularly like the pure chloride, and hardly a tenth of the sodium 
necessary for the formation of a subchloride is dissolved. Guntz?> mentions 
a subchloride of lithium, Li,Cl. All these phenomena are fully explained 
through the formation of metal-fog in the halide melts. 

The evidence as to the formation of well-defined subchlorides of calcium, 
strontium, and barium seem better grounded. Borchers specifies +*® that a 
portion of the metallic calcium formed during the electrolysis of molten calcium 
chloride redissolves in the melt as subchloride. With Stockem this same 
author 17 holds that a red crystalline layer of salt is found on the electro- 
lytically separated calcium, and Klockmann found this layer fully trans- 
parent, with vivid pleochroism ranging from red to violet. The crystals are 
monoclinic or rhombic. Analysis showed an approximate formula CaCl. 
Ruff and Plato 1® also obtained a subchloride of calcium, as did Guntz?® in 
his double halides of barium and sodium salts of the type [BaCl. NaCl], 
[BaF.NaF], [BaBr.NaBr], [BaJ.NaJ], W. Hampe and W. Diehl ”° osten- 
sibly obtained a compound of aluminium containing less fluorine than the 
formula AIF, indicates. 

Especially important for metal-fog research are the reports of H. N. Morse 
and H. C. Jones ** concerning the formation of halides of a lower order from 
cadmium salts. If pure cadmium chloride with an excess of metallic cadmium 
is heated to the melting point in an atmosphere of nitrogen, it acquires a deep 
garnet-red shade. The composition-of the crystals obtained from the melt 
corresponds exactly to the formula Cd,Cl,; when treated with water, CdCl, 
goes into solution, and there remains a residue supposed to be subhydrate 
CdOH. Cadmium bromide showed similarly a mass designated as subbromide 
Cd,Br,;, while from cadmium iodide a subiodide was derived with the formula 
Cd,.lo3;. Morse and Jones assume that the bodies analyzed represent saturated 
solutions of the subhalides CdCl, CdBr, Cdl in CdCl, CdBr., and CdlI,. The 
interpretation of these phenomena through the formation of metal-fog with 
its resulting equilibria, is due to the investigations made by R. Lorenz and his 


students. t a. , 
The sensitiveness of the silver (and thallous **) halides was ascribed to 
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the formation of subhalides of the sort Ag,Cl, Ag,Br, Ag.I. Up to the 
present only the silver subfluoride has been known, which Guntz ** asserts he 
obtained as a bronze crystalline powder on introduction of very finely divided 
silver into a saturated solution of AgF. 

As for the subchloride of silver, Ag.Cl, Guntz considered it produced by 
the interaction of Ag.F with tri-chloride of phosphorus at 140°. Vogel ** 
used another method, allowing cuprous salts to react with silver nitrate. After 
drying, the resultant precipitate showed that its composition really corresponds 
to the formula Ag.Cl, or Ag.Cl. E. Baur?® investigated thoroughly the for- 
mation of the alleged subchloride through action of fresh chlorine water on 
molecular silver. The vari-colored products resulting from the action of 
organic reducing agents have been especially studied by Carey Lea.?® It was 
he 27 who gave the name photohalides to the multicolored mixtures formed by 
the action of light on silver chloride, which mixtures were supposed to consist 
of subhalides with AgCl. 

E. Baur was the first to’show that in dealing with the photohalides and the 
other subchlorides formed by the same procedure, we have no chemical indi- 
viduals, but a continuous group of homogeneous mixtures ranging from 
metallic silver to pure silver chloride. The photobromide Ag,Br of Carey Lea 
shows in a manner analogous to the photochloride Ag,Cl, all transitions of 
color from a saturated lilac to deep violet. 


3. SoLtusitity oF MetTatrs In SALT-MELTS 


Many observations on the phenomenon of metal-fog suggest that there 
exists, even though to a small extent, a true solubility of metals in molten salts. 
In order to determine the actual solubility, Lorenz and Helfenstein 2° 


proceeded to remove the previously weighed metal regulus from the melt, 
carrying on the operation at a given temperature. Experiments showed each 
time a considerable loss of weight in the regulus, increasing as the temperature 
rose, as for example, with lead in a lead chloride melt. The oxidation of 
metallic vapor at the surface of the melt forms lead oxide, which dissolves in 
the molten lead chloride.” This process naturally continually decreases the 
weight of the regulus submerged in the melt. As a result of this process, the 
greater the surface of the salt-melt exposed to the air, the greater the loss of 
weight of the lead regulus. Therefore, in determining the solubility, it is 
necessary as far as possible to limit this process, which is similar throughout 
to a process of diffusion of the metallic vapor through the melt. At the same 
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time it must be taken into consideration that on cooling the melt a considerable 
portion of the vapor condenses again. Therefore one cannot attempt to 
ascertain the solubility by separating the regulus from the melt after cooling, 
but rather by effecting a separation while the melt is in a liquid state. In 
addition Lorenz and Helfenstein *° made use of the device shown in Fig. 1. 
It is proven satisfactorily that the solubility of metals in molten salts in- 
creases with a rise in temperature. The amount of cadmium fog in a melt 
of CdCl, is relatively large. Thus cadmium vapors may be seen to arise 
from the electrolyte and deposit themselves in macroscopically visible droplets 
on the glass walls of the vessel holding the melt. To determine the metal 
concentration in the halide melts containing the vapor the following method 
may be pursued. As R. Lorenz, G. v. Hevesy, and E. Wolff observed, a 
phenomenon completely analogous to metal-fog occurs in halide melts if 


GLASS ST/RRER GLASS SPOo/? W//TH 
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chemical reduction takes place, by introduction into the halide of a strong 
reducing agent, e.g., potassium cyanide. Vice versa, on introduction of an 
oxidizing agent one can completely destroy the metal-fog present in the liquid 
melt. In the case of lead-fog in lead chloride, this takes place spontaneously 
when there is an excess of lead dioxide, according to the formula 


PbO, + Pb = 2PbO 


The lead oxide formed dissolves in the lead chloride melt. If lead chloride 
containing weighed traces of lead dioxide is added to a lead chloride melt 
containing metal-fog, the melt is instantly decolorized, due to the formation 
of more molten lead chloride and lead oxide which dissolves. In this way 
the determination can be carried out with great accuracy up to Yoog of 1 
per cent. The apparatus used is reproduced in Fig. 2. To it belongs an 
electric resistance furnace in the form of a cross (Fig. 3), which makes it 
possible to see through the vessel containing the melt. The following table 
shows the solubilities of lead in lead chloride: 
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Temp. Solubility 
Blo) e 1.54. 10“% 
610 3.74 . 
615 4.10 
670 7.46 4 


The repression of metal-fog through excess of alkaline chlorides, which Lorenz 
and Appelberg studied, could be determined quantitatively by the above de- 
scribed procedure. The following results were established, as expressed in 
Table I: 


TABLE I 


Solubility of Lead in Mixtures of Lead Chloride and Potassium Chloride 


(PbCl, + KC1) 
The temperature of the melts is 610° C. 


Mol. % PbCl Mol. % KCl Solubility 
100 0 3.74 X 10*% 
90 10 227 
80 20 las} Ms 
70 30 0.64 if 
60 40 0.06 a 


These observations are of exceptional technical importance for the electro- 
lysis of liquid melts. (See below.) 


They prove that the masses of metal which produce the intense colorations 
of metal-fog are very tiny. This corresponds perfectly to the findings on 
colloidal metals in aqueous dispersion. The analogy seems very far-reaching 
If one removes the lead cations from a lead chloride melt by transforming 
them into complex anions, to exactly the same extent is the formation of 
metal-fog (pyrosols) repressed. Lorenz and Fausti*' as well as Lorenz and 
Ruckstuhl ** in transformation experiments on PbCI,-KCI melts, found that 
for lead complexes, formation increases in the direction of pure KCl. Fog- 
formation ceases completely when the melt contains 2 Mol PbCl. to 1 Mol 
KCl. This, however, corresponds to the double salt KC1.2PbCl, found 
through thermoanalysis, which has the anion (Pb.Cl;)-. It seems that these 
same secondary valences, which are involved in the formation of the complex 
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salt, are active in the formation of pyrosols. Therefore it is in order to regard 
the pyrosol or metal-fog as a fixation of lead in lead chloride.** We can 
describe it approximately by the formula (Pb),.PbCl. As a consequence 
metal-fog may be considered as an adsorption product of metal by molten 
salt, which breaks down more or less into metal and salt. 

4. CoNNECTION WitH VAPOR PRESSURE AND SURFACE TENSION 

The formation of metal-fog is more intense the greater the vapor pressure 
of the metal at the temperature of the experiment. Also the softness of the 
metal seems to have a certain influence. An electric dispersion of the metal 
by the current of the metal, as people have called it, plays no part in the forma- 
tion of metal-fog, since this takes place without electrolysis at the surface of 
the molten metal in the molten salt. The higher the boiling point of a 
metal, the greater is the range between appreciable vapor tension and the 
boiling point; and it is of practical significance that in many cases electrolytic 
separation takes place actually within this range of temperature. In the case 


of PbCl., which is liquid in the range between 506° and 956°, the metallic 
lead which separates during electrolysis forms at about 300° to 400° below 
the boiling point, in the region of a low but already perceptible vapor pressure. 
The losses of current on account of the formation of metal-fog are, at this 
stage, not yet significant. The current efficiency in the electrolysis of silver 
halides is excellent because of the high boiling point of silver. On the con- 
trary in the electrolysis of CdCl, the loss of current from formation of metal- 
fog is extraordinarily large on account of the low boiling point of metallic 
cadmium (775°). If we electrolyze molten cadmium chloride at the tempera- 
ture of boiling cadmium, the metal separates as a vapor, whereby only fog 
is found and no trace of regulus metal. | 
The hypothesis of the dispersoid nature of metal-fog leads immediately 
to the conclusion that a relationship exists between these phenomena and the 
surface tension at the interface between metallic regulus and molten salts. 
Such a connection was first found by Lorenz and G, von Hevesy. | 
As already mentioned, the formation of metal-fog is influenced by addi- 
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tions of foreign salts to salt melts, in which the metal disperses. The surfac 
tension between the metal and the salt is changed by such additions. Loren 
in collaboration with H. Frei *® carried out elaborate investigations on th 
repression of metal-fog through additions. As a criterion the current, eff 
ciency during electrolysis was utilized. The formation of metal-fog decrease 
as the concentration of the additions increases, and is almost proportional t 
the molecular weight of the added salts. The quantitative determination o 
the surface tension between the metal and molten salt was carried out b: 
Lorenz and Liebmann,** who used the method of the rise in capillary tubes 
Liebmann’s measurements of the surface tension between molten lead ani 
molten lead chloride and its mixtures with KCl, have proved without doub 
the correctness of the earlier observations and conclusions of Lorenz anc 
Hevesy. It seems, therefore, that the surface tension works in opposition te 
the inner forces causing the formation of pyrosols, such as solution pressure 
vapor pressure, etc. It thus follows that in the case of pure metals and thos 
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pure salts, where the surface tension is the smallest, the forces tending to form 
metal-fog are greatest. 

The above mentioned investigations of G. von Hevesy and R. Lorenz * 
on the electro-capillary phenomenon in molten systems are interesting. The 
system Pb/PbCl, in its molten state shows no change in surface tension 
as a result of polarization, and neither does the combination containing 50 per 
cent KCl. An increase in the surface tension with beginning polarization at 
the cathode is first to be seen in systems with less than 40 per cent PbCl,. The 
system Pb/PbCl, does not polarize. 

The system Pb/KCI behaves like an aqueous capillary-electrometer, as do 
all combinations of precious or semi-precious metals and the salts of a common 
metal. There is no fundamental difference between the electro-capillary phe- 
nomenon of melts and the aqueous solutions of electrolytes. 

Fig. 4 represents the capillary electrometer of Lorenz and Hevesy, and in 
Fig. 5 the electro-capillary curve of the system Pb/KCI at 850° is reproduced 
from their experiments. 


5. EecrricAL Conpuctivity or Mretat-Satt Systems 


A. H: W; Aten ** undertook to investigate how solutions of metals in salts 
behave toward an electric current—whether they were of molecular or colloidal 
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character—and to see what conclusions could be drawn from this behavior, 
as to the nature of this “solution.” Using Lorenz and Kalmus’ *® method in 
solutions of Bi in BiCl, it was proved that with increasing amounts of Bi 
the conductivity of the system was correspondingly lowered. The decrease in 
the conductivity of BiCl; after addition of Bi could be connected, as Aten 
correctly points out, with the increase of viscosity produced by this addition. 

Study of the system Cd-CdCl, furnished corroboratory results: the con- 
ductivity of this salt is also decreased by additions of the metal. On the basis 
of a functional connection of molecular conductivity with the formation of a 
binary salt mixture, which last Aten applies with reference to the metal-salt 
system, he concludes that the conductivity of the dissolved metal must be very 
much less than that of CdCl, and incomparably smaller than that of the com- 
pact metal. 

Aten makes the interesting statement that it is most unlikely that CdCl 
(subchloride) exists as a stable compound, as was the contention of Morse 
and Jones. The possibility of the formation of the subchloride CdCl in the 
melt, however, must be either discarded or proven. 


6. TECHNICAL SIGNIFICANCE OF THE PyROSOLS 


Pyrosols, as previously indicated, possess great technical interest because 
they form in the electrolytes during electrolysis of melted salts and thereby 
disturb the mechanism of the current efficiency. 

The metal-fog investigations of R. Lorenz and his students have thrown 
new light on the existence of cathode current losses to such an extent that 
they have finally cleared up the problem of the convection current.” If the 
metal separating at the cathode dissolves in the electrolyte in the form of a 
colloidal “fog,” and if this fog reaches the region of the anode by means of 
a mechanical and thermal rotatory motion of the melt, the metal there will be 
instantly reconverted into its higher form of combination and will return to 
the cycle to repeat the process. This process forms a source of continuous 
disturbance which must inevitably lead to extremely great losses of current 
and considerable deviations from Faraday’s Law. Thus the metal-fog acts as 
a typical depolarizer in the electrolysis of molten salts. 

Lorenz and a number of students endeavored to test the conditions under 
which the electrolysis of the liquid melts of heavy metals halides may be so 
conducted as to fulfil the requirements of Faraday’s Law, and repress the con- 
vection currents. His first experiments with A. Helfenstein ‘4 proposed to 
prevent the “diffusion” of electrolytes by working with a bath-temperature 
as near the melting point as possible. By way of example, the following re- 
sults were obtained from the electrolysis of PbCl, showing the separation of 
Pb at the cathode. A V-shaped tube was used. 


Current yield in per cent 


finceG 0.5 Amp. 1.0 Amp. 3.0 Amp. 
540 87.7 92.1 97.3 
600 80.1 87.7 96.4 
700 66.7 76.6 92.0 
800 42.4 54.9 72.6 
850 7.0 abe oa 

900 are 12.3 44.4 
920 Foi 2 oh. 

956 (boiling point) He sor 0 


Fig. 6 illustrates the results of such experiments. 
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It was especially important to separate the electrodes, which was done b: 
placing anode and cathode respectively in similar tubes or capsules made o 
potassium glass. Fig. 7 shows such an apparatus and in Fig. 8 the differenc 
made in the current yield is plainly seen. The anode was immersed in th 
bath to a depth of only a few centimeters. With successive incapsulation of th 
electrodes there is a corresponding increase in the current yield, and the in 
capsulation of the cathode is especially important. In both cases (PbCl, 
PbBro, etc.) the theoretical figure corresponding to Faraday’s law was reached 
The best result obtained in this way was a current yield of 99.94 per cent it 
separating Pb from PbCl, with a current of one ampere at a temperature o 
480° C., which proves that Faraday’s Law applies fully in this case. Th 


Fic. 6.—Chloride of lead. Influence of temperature. 


correctness of this law was also proved in separating silver from molten AgC 
by the same method, at temperatures up to 1050° C. 

A highly practical fact was discovered by Lorenz and Appelberg, namely 
that additions, as for example, of alkali chlorides to the liquid melts of heavy 
metal chlorides, almost completely repress the formation of metal-fog, and 
with it the convection current. 

In an earlier part of this paper we mentioned the influence of additions 
to molten electrolytes to change the surface tension at the face of the metal 
and it is enough to call attention again to this connection which is so interest. 
ing from a scientific point of view. The difference in the current yield with 
and without addition of, for example KCl to PbCl, is very considerable and 
is more striking with a small current than with a larger one. 


7. DISPERSED SYSTEMS 


Closely bound up with the analogy of metal-fog with gold and copper ruby 
glass, is its analogy with other colloid systems in fluid and solid and ever 
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rystalline media. In the phenomena exhibited by blue rock-salt and the 
rystallized materials colored by cathode and radioactive rays, there is a 
yeculiar similarity to the formation of metal-fog, which is paralleled by the 
leveloping of the photographic plate. : 

The colorations of metal-fog also deserve special notice in comparison with 
he colloidally dispersed hydrosols and organosols of metals, as well as with 
yapors. For example, in this connection should be recalled the deep-blue 
which Bunsen and Kirchoff observed in the electrolysis of molten rubidium 
ind caesium chlorides and which correspond to the deep bluish-green ethersols 
yf these same metals reported by Th. Svedberg.** 

Maxwell Garnett ** holds that a dispersed system consisting of the tiniest 
netal spheres must exhibit the same color as the vapor of the metal. In this 
espect, the analogy between the coloration vapors and hydro- and organsols, 
ind that of metal-fog, gives final proof of the colloidal nature of the metals 
n pyrosols.*® 


Ebell *® made a special investigation of the formation of metallic copper 
luring the technical manufacture of the various kinds of copper glass. By 
areful investigation he found that on sudden chilling, glass which contains 
netallic copper is colorless. Therefore the true metal solution must be color- 
ess. As the glass was gradually warmed, the copper “condensed” into flakes 
rom its saturated solution in the glass. In his work with glass colored by 
ilver, Ebell proved an analogous condition.* R. Zsigmondy also studied 
ilver-glass, and his experiments showed that the silver first goes into solution 
n the glass as oxide, but is reduced to the metal, and is finally found in the 
hilled glass in colloidal dispersion. 


*The fact that glass takes up silver from silver salts, was observed by R. Lorenz in numerous 
WP stications. It ee particularly referred to by Suchy (Zeitschr. f. anorg. Chem., 27, 152 (1901)). 
\. Heydweilier (Zeitschr. f. phys. Chem., 89, 640 (1915)) says that the first bibliography is given 
y EF. Kopfermann (Dissertation, Miinster, 1908; see Ann. d. Phys., 32, 746 (1910)). The action 
etween silver salts and glass is a typical exchange reaction, like those which I, W. Clarke and W. 
steiger investigated in the zeolites (analcim, chabalite, natrolith) with salts of heavy metals (see 
reitschy. f. anorg. Chem., 46, 189 (1905)). At high temperatures chlorides decompose and _enter 
he silicate, forming silicon chloride and the noble metal. (See R. Lorenz, Zeitschr. f. anorg. Chem., 
1, 885 (1902).) Furthermore, Lorenz and Helfenstein (Zeitschr. f. anorg. Chem., 23, 255 (1900)) 
bserved that on electrolysis at 1050° molten silver chloride no longer yielded metal according to 
‘araday’s law, because part of the silver was formed by the reducing action of the porcelain, 
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Undoubtedly metal-fog offers the most striking similarity to copper at 
silver-glass, as is especially well shown in the case of Cd fog in a CdCl, mel 
the metal after hardening separates in the form of magnificent, very delicat 
small crystals—just as in the Aventurine glasses. In both cases the presen 
of the pure metal is unquestionable. 

Finally Zsigmondy’s investigation of gold ruby-glass are particularly in 
portant. Ruby-glass behaves analogously to aqueous colloidal gold solution 
(Cf. Zeitschr. f. Electrochem. 4, 1898, 546.) 

Gold ruby-glass, which is obtained by melting lead or barium glass wit 
addition of a trace of gold chloride, is seen in the ultramicroscope to contail 
like aqueous colloidal gold solutions, an enormous number of tiny gold pa: 
ticles.47 The weight of gold necessary to produce a deep ruby color in tt 
glass is extremely small; for example, one cubic millimeter of gold ruby-glas 
contains only about one eighty millionth of a milligram of gold. Zsigmond 
and Siedentopf were able to show that there are some billions of gold particle 


Fie. 8. 


in one cubic millimeter, after they had counted very small volumes by mean 
of the ultramicroscope. The weight of the particles is of the order of 10+ 
mg., and their diameter from 4 to 30 ww (1 pu equals 1 X 10° mm.). Ther 
are gold ruby glasses and gold sols with particles still smaller than these, whiel 
cannot be seen with the ultramicroscope.' They appear optically empty anc 
colorless, and may be regarded as homogeneous solutions of the gold in th 
glass. 

The “dissolved” metal-fog corresponds to the colored or colorless ruby 
glasses last mentioned. The usual metal-fog, as observed in the system Cd. 
CdCl, seems to contain a rather coarse dispersion. Zinc particles in ZnCl. 
are especially large. Between these extremes there undoubtedly exist all grada: 
tions, as in the metal-containing glasses. 

In this connection we find of interest the experiments on borax-glass con- 
taining gold particles as recently carried out by A. Ehringhaus and R. Wint- 
gen.** The metal could be observed in graded ultramicroscopic sizes. Ultra- 
microscopic count showed that the number of particles in borax-glass decreases 
with increasing duration of heat. This decrease is in correspondence with M. v. 
Smoluchowski’s *° theory of the coagulation of colloidally dissolved particles. 
which up to this time could only be confirmed with hydrosols. This beautiful 
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investigation simultaneously confirmed the assumption of J. Donau,® that 
borax beads containing the precious metal, owe their characteristic coloration to 
colloidal solutions of the metal in the melt. H. Siedentopf * examined blue 
rock-salt with an ultramicroscope and found that the presence of very tiny 
crystals of metallic sodium is responsible for the coloration. As a result of 
treatment with sodium vapor, rock-salt takes up very fine deposit of the metal, 
which shows all the qualities of those found in natural blue rock-salt. On 
the other hand, it is possible to produce in rock-salt by partial decomposition 
by means of cathode rays, radio-active rays, Roentgen rays, and ultra-violet 
light, subtractive colors, which by suitable “developing” at higher temperatures 
are quite similar to those in the natural blue substance. Most of the particles 
are seen in the ultramicroscope to shine with a rust-brown color, analogous 
to the rust-brown gold particles which give its blue color to so-called sapphire 
glass, and correspond to what is most frequently met in natural and artificial 
rock-salt. The places which are deeply stained by Na vapor show distinctly 
the phenomenon of pseudo-pleochroism or phosphorescence which is peculiar 
to blue sapphire glass and yellow silver-glass. 

Originally there were two opinions as to the nature of the changes which 
the alkali halides undergo during treatment with cathode rays, an observation 
of Goldstein.*? Goldstein himself regarded the colorations as purely physical, 
but Wiedemann and Schmidt ** supported the subhalide theory. R. Abegg 4 
had tried very hard but without success to detect directly the small amount 
of halogen that was to be expected from decomposition of the salts. There- 
fore, Abegg came to the conclusion that chemical decomposition would not 
lead to the formation of subchlorides. F. Giesel ** was the first to assume that 
the free alkali metal could be the coloring principle. By melting alkali metal 
together with salts he obtained, in fact, the same colors that are obtained by 
treating salts with cathode rays. The whole question, after Giesel’s important 
preliminaries, followed by those of Siedentopf, was finally concluded in favor 
of the theory of colloidal dispersion of metals, in accordance with the facts 
which Zsigmondy and Lorenz had developed concerning the nature of pyrosols, 
each in his own field of research.** 

In the same class fall also the numerous observations on the color change 
of minerals, especially those of the rock-salt group, which C. Doelter has made 
in the course of manifold experiments.*” 

Recently the experiments of K. Przibram and Marie Belar °* have proved 
very productive. They worked on the color change of NaCl by Becquerel 
rays. Ultramicroscopic investigation of rock-salt crystals naturally and arti- 
ficially colored, especially in their behavior toward heat (determination of the 
temperature of discoloration and its thermal luminosity) and change of the 
coefficient of absorption, proved the complete correspondence between the 
behavior of originally colorless salt and the natural violet salts, when the 
former had been colored golden brown by radium rays, and then had been 
turned violet by consequent heating to 200°. The discoloration temperature 
for both violet salts is between 200-250°. The natural blue salt found at 
Stassfurt is somewhat more stable. Salt colored by Na vapor (H. Siedentopf ) 
is just as slightly thermo-luminescent as the colorless, while the natural blue 
and violet salts as well as those colored by radioactive rays, possess thermo- 
luminescent properties. F He ; Rk? F ’ 

Many blue fluorspars,’? which in their natural condition in visible light 
show only blue phosphorescence or none at all, fluoresce with a beautiful red 
color when exposed to radium rays (momentary radio-photo-luminescence). 
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8. UxtrAmicroscopic Stupy oF Metrar-Foc 


Following a suggestion of Bredig,® in 1901 R. Lorenz and G. Auerbach 
had already attempted to examine a solution of Cd in molten CdCl, accordir 
to Tyndall’s principle, that is, to test whether the light scattered by passing 
powerful beam of light through the melt is polarized or not. Testing f 
elliptical polarization was done by the method employed in optics. In tl 
system CdCl, no change in brightness could be distinguished. This tends 1 
show that the light reflected from the metallic particles is natural or unpolarize 
light. 

More recent investigations of Lorenz and Eitel °* proved the dispersed cot 
dition of the metal-salt hardened with metal-fog. First, a pure, optically empt 


Fic. 9.—Ultramicroscopic apparatus for examination of metal-fog in crystals. 


PbCl,* was prepared, which as a result of treatment with pure PbCl, in a liqui 
melt with a stream of hydrochloric acid gas and chlorine, was freed from ever 
trace of contamination. If we treat the melts of such very pure PbCl, crystal 
at 100-150° above the melting point (for about five minutes) with some pur 
bright metallic Pb, bright gray crystals are immediately formed. The lea 
chloride hardened with lead-fog shows under the ultramicroscope, as in th 
case of ruby-glass, countless shining points of light on a deep black back 
ground, which indicates the presence of a finely divided substance in th 
crystals. Every diffraction disc shows double as a result of the strong doubl 
diffraction of the PbCl., and the colored diffraction rings lying concentricall 
about the particles also show the same doubling. The method which Loren 
and Eitel used in the ultramicroscopic examination of such preparations, ; 
shown in Figs. 9 and 10. The light emitted from the diffraction discs i 
completely linearly polarized. It is quite easy, with the help of such ultre 
microscopic pictures, to recognize a definite arrangement of the particles o 
lead-fog in the PbCl, crystal aggregate, orientations of definite crystal surface 
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in twin crystals.* The metal-fog formed chemically by addition of traces of 
pure cyanide of potassium to optically empty PbClI,, shows the same results. 


In this way we can produce a fog from a concentration of particles, from 


which it could not be otherwise obtained. Such melts are then a very deep 
black color and opaque. However, by treatment with chlorine and hydro- 
chloric acid gas, they can be converted into the pure and optically empty 


_ chloride. The ultramicroscope is an extraordinarily sensitive instrument for 
_ detecting small fog-particles. A single melting and hardening of pure optically 


empty chloride is sufficient to make the particles reappear in circles of light. 
All these observations support the theory suggested by Lorenz,** that in molten 


Fic. 10.—Apparatus for examining crystals of salts for metal-fog. 


metal halides a dissociation constant exists, which can be expressed by the 
rmula. 


nMCl, 2 (n—1)MClL+M + Cl, 
ee Tee er 
foggy melt 


Lorenz and Fitel ®* extended their common investigation on the ultramicro- 
scopic nature of the haloid melts containing metal-fog, to thallium salts, in 
which the formation of fog had already accidentally been observed in earlier 
investigations. The thallous halides differ from PbCl, in that when they have 
once been befogged they cannot be regenerated, since on treatment of their 
melts with free halogen, thallic halides are formed. The beclouding of the 
thallous halides was accomplished most simply by electrolysis. In strong trans- 
mitted light these melts show a deep brown color: the hardened masses of 
crystals appear brown and contain an enormous number of tiny particles, as 
can be seen with the ultramicroscope. But it is also possible to obtain befogged 
preparations by treatment of thallous salts with metallic thallium. A splendid 
orientation of the smallest ultramicrons, as in the octahedral surface of the 
regular crystals, is characteristic of thallium salts. As in the system Pb-PbCl:, 
we can expect a reaction to take place in the molten system TI-TICI, in the 
direction that the thallous chloride becomes dissociated by the heat and the 
resulting free metal remains in the melt in the form of fog. 

The analogous behavior of silver-fog in silver chloride and silver bromide 
melts is very important. R. Lorenz and A. Helfenstein °* observed that the 


formation of silver-fog in molten silver chloride does not appear till the metal 


is melted and the temperature of the melt is considerably higher than the 
* For ultramicrophotographs see Zeit. fiir anorg. Chemie, 91 (1915). 
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melting point of silver. Very pure, optically empty preparations of silve 
chloride and silver bromide are restored by treatment of the melt with chlorin 
and HCl, or Br and HBr. Befogging is easily accomplished by addition o 
pure silver at 1100°. Misty crystals then show (in the ultramicroscope ) ex 
traordinarily finely dispersed silver particles, a condition which completel: 
corresponds to that in gold ruby glass. 

Since in the optical examination of silver halides, these latter are pene 
trated by a very intense light, it is of interest to observe their behavior afte 
prolonged exposure. Optically empty preparations remain practically un 
changed, but one notices that they gradually become less transparent, and ar 
discolored to violet or black, quite similarly to photographic paper sensitizec 
with AgCl. A Tyndall cone was not observed by Lorenz and Eitel durin; 
their exposure. 


9. Tue SrItver GERM THEORY OF THE LATENT PHOTOGRAPHIC IMAGE 


The phenomenon of metal-fog, arising when metals are brought into con 
tact with molten salts, may be applied to the explanation of the latent photo 
graphic image, for upon exposing a photographic plate there is formed < 
solid solution of metallic silver in silver bromide, which initially contains par 
ticles merely submicroscopic in size, but nevertheless capable of forming thi 
first silver nuclei. 

As far back as 1897, R. Abegg ®® advanced the view that in the exposec 
photographic plate the presence of metallic silver must be inferred, and tha 
the effect of these silver germs or nuclei upon the development of the impres 
sion made by the light, closely resembled the removal of supersaturation i1 
solutions by crystal nuclei.”? However, he relinquished this view in favor 01 
the photo-haloid theory which was then developing. Richard Lorenz ™ ir 
1900 adopted it independently of Abegg, and showed the similarity betweer 
the latent photographic image and the metal-fog he had made. 

This theory of Abegg and Lorenz superseded the older one, according te 
which exposure of the silver halides was supposed to give rise to subhalides 
as was maintained by Eder and Vogel, and supposedly proven by them experi 
mentally. Abegg took the stand that, with the exception of Ag.F,” the silver 
subhalides were mixtures of silver halide with metallic silver. Upon bathing 
exposed plates in dilute nitric acid, the light effect capable of development 
vanished almost quantitatively. Even as far back as 1810, Eder observed 
that an unexposed plate when placed in a developer, developed at such point: 
as it had been in contact with a silver wire. Further, the picture in a finishec 
negative could be intensified by layering over it unexposed emulsion, and ther 
developing again." 

According to Guebhardt "* the sensitiveness of rapid plates is due to the 
fact that, prior to exposure, they are coated with a thin layer of silver germ: 
formed by the slight reducing action of the gelatin on the emulsion in question 
The developability of a plate fixed immediately after exposure is also readily 
explained by the silver germ theory. On the basis of this phenomenon, L 
and A. Lumiere and A. Seyewetz™ recently based a valuable method of germ 
less development of photographic images. This important observation is ré- 
markable because of the necessity of having an organic developer in the 
developing bath, which they try to explain on the basis of the subhalide theory 
as being due to a kind of modification of the “subbromide.’ The silver erait 
in this process is a simple crystal. Addition of molecular silver in fineisutt 
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' division increases the developability of the plate.” From all this Abegg con- 
cluded that the assumption of subhalide formation by exposure was im- 
probable, but that all the phenomena could be simply explained by the view 
that the light produced silver nuclei. The question then arises as to the state 
of the metallic silver present. Upon discovering metal-fog, Lorenz immedi- 
ately saw the striking analogy and espoused the silver germ theory, which in 
his opinion had thus received a reasonable and sure foundation. 

At present this state of the question is illustrated by the analogy between 
gold sols, and ruby-glass and metal-fog. The work of Lorenz and Hiege (see 
below) should finally settle the matter. On the other hand the sub-halide 
theory met serious difficulties “? when the products of exposure were compared 
with those obtained by Guntz and Vogel. Furthermore, the experiments of 
EK. Baur ** on the action of chlorine water on colloidal silver, showed that 
the substances obtained, which corresponded to Carey Lea’s photo-haloids,” 
constituted a series of solid solutions. 

If we imagine that in a silver sol there is partial formation of silver 

chloride, the silver particles would be at once condensed on the surface of this 
chloride. Van Bemmelen has shown in other systems that there are “adsorp- 
tion compounds” which do not follow stoichiometric laws, but are due to 
adsorption or agglutination in indefinite proportions. Photochlorides may be 
such compounds, 1.e., colloidal silver and AgCl. They may be formed in 
aqueous solutions as well as in fluid melts (pyrosols). This is certainly the 
case with the suspension of zinc dust obtained by metal-fog formation in a 
melt of zinc chloride containing water, for here the zinc fog condenses on 
colloidal zinc hydroxide formed by electrolysis in the melt.*° The photo- 
chlorides may also be compared with the purple of Cassius investigated by 
kh. Zsigmondy,*! which, despite the fact that it is a mixture of colloidal gold 
and colloidal stannic acid, behaves like an individual substance. In such sub- 
stances the properties of one ingredient may be masked by those of the 
other, so that it would seem as if we had a new substance which behaved 
differently from its constituents, a new chemical compound having special 
properties. Since this was the case to a marked degree in the photo-halides, 
it was assumed that they were definite compounds with different properties 
from their components, silver and silver halide. ; 

The adherents of the sub-halide theory *? argued that, if photohalides were 
mixtures of metallic silver with silver halide, then nitric acid should be able 
completely to extract the former (which Eder was unable to do); and an 
exposed plate, after bathing in nitric acid, could nevertheless be developed. 
On the other hand the work of Lotenz brought out a whole series of facts 
regarding the behavior of colloid mixtures. The profound studies of Ltuppo- 
cramer on this subject ** showed the unsoundness of objections to the view 
that the photo-halides behave anomalously. He was able to prove directly * 
that silver bromide could protect adsorbed silver so completely, that the silver 
could not be dissolved out by dilute nitric acid. If hydrosols of silver and 
silver bromide are mixed and concentrated nitric acid is immediately added, 
the silver is dissolved out, for no adsorption has yet occurred. If, however, 
a coagulation has first occurred (e.g., by addition of H,5O,) the nitric acid 
can no longer extract the silver from the precipitate, which in color appears 
like a true photo-haloid. 

The protective action of silver bromide on colloidal gold may also be 
demonstrated. Aqua regia cannot extract gold from an Au-AgBr coagulum. 
[t is most interesting that gold nuclei, when mixed into silver bromide, facili- 
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tate the reduction process even in silver-reducing media, as was noted b 
H. Weisz,®° and as was later proven by Thomae in Zsigmondy s laboratory 
Thus gold nuclei when added to silver bromide, act just as if the latter wer 
exposed or had silver nuclei added. This settled the question of the principl 
underlying the action of silver germs or nuclei in the latent image, and th 
subhalides or photo-haloids were recognized to be colloidal mixtures of silve 
with silver bromide.*® That exposure must cause a superficial change in th 
erain of silver bromide, already has been shown by F. Kogelmann ** in hi 
beautiful though little known work. On the other hand the changes produce 
by solarization occur rather at the interior of the AgBr grain. That the silve 
grain produced on developing exposed AgBr must lie on the surface, was re 
cently confirmed by J. Eggert and W. Noddack.** i 

Decisive evidence in favor of the colloid nature of the photo-haloids 1 
given by the recent work of W. Reinders,®® who first showed that at eithe 
high or at low temperatures, silver and silver chloride gave stable colored inter 
mediate compounds, especially as there was no question of solubility of molte 
silver in silver chloride, apart from the silver-fog obtained, which at most wa 
0.1 per cent. The colored crystals had the same form as ordinary uncolore 
ones. In concentrated solutions of ammonia or sodium thiosulphate the crys 
tallized photo-haloid yields a colorless solution of AgCl, with a residue o 
silver as a black powder, at most 0.5 to 1.0 per cent, but usually only 0.1 t 
0.5 per cent. This careful investigation compels the belief that the photo 
haloid obtained by exposing silver halide is an adsorption of silver and silve 
halide. Schaum and Lang,® in accord with the work of Reinders, showed tha 
the color-producing particles of the photo-haloid are of a size correspondin 
to that of silver particles of 60 to 180 uu, as was predicted by the optical theor: 
of Mie.* 

The complex nature of the latent photographic image is due to the fac 
that in emulsions of gelatin dry plates there is a complication of colloid 
chemical phenomena with those of crystal growth. This is shown to no smal 
degree by the work of Liippo-Cramer * on the ripening of emulsions of AgBr 
AgCl, AgI, and other salts. The growth of the particles follows a typica 
Ostwald ripening, i.e., the intermediate solution of one portion with simul 
taneous increase in grain size of the rest, the larger particles growing at th 
expense of the smaller ones.®* Liippo-Cramer also proved that colloidal silve 
could undergo Ostwald ripening.®* Silver iodide when exposed to light, form 
a remarkable dust-like mass.°° Furthermore, the phenomenon is noticeabl 
even on exposure to X-rays,°® and is obviously due to a profound decomposi 
tion of the silver bromide. It must be recalled that according to Lorenz th 
basic formula for the formation of the latent image is 


n(AgBr) + Light = (n—1)AgBr + Ag+ Br 


Sy 
Latent Image 


so that on exposure there is a liberation of halogen. Because of the volatilit 
of the halogen, the space lattice at the illuminated places might readily b 
disturbed, and this could happen perhaps with explosive violence, whereby th 
formation of dust could easily occur. 

R. Lorenz and K. Hiege * tried to discover whether they could observ 
ultramicroscopically the silver nuclei which, according to the theory of Abeg 
(and Lorenz), were formed on the exposure of silver halide. Lorenz anc 
Ksitel (loc. cit.) had found that on examining silver fog in silver chloride melt 
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in the slit ultramicroscope, long illumination of homogeneous specimens devel- 
oped a color ; but they had been unable to see particles. If such particles sepa- 
tated, they must have been amicroscopic. But they were able to observe that 
the ultramicroscopic picture yielded by a fog-free silver halide crystal, is 
identical with that yielded by “fog-formation.” This proves the connection 
with the latent photographic image. 

Lorenz and Hiege proceeded differently from the earlier work of Lorenz 
and Eitel, in that they directed the light cone of the slit ultramicroscope directly 
on the surface and followed the changes there. After a short time there 
appeared a browning where the light impinged, and there developed a large 
number of very small and very bright points, whose size gradually increased. 
The particles thus developed were recognized as metallic silver. The initial 
browning was due to amicrons, which gradually grew to submicrons. 

The silver germs formed by insolation may be also’ developed into large 
ultramicrons by heating for several hours in the dark to 350°. The silver 
germs produced by heating without insolation, by simple fog formation, were 
fainter and less numerous. The particles formed by insolation in a crystal 
of silver bromide originally optically clear, are capable of growing in the dark 
on warming, and evidently at the expense of their surroundings; this is quite 
like the gold particles observed by Zsigmondy.* 

All these facts indicate that the action of light on a silver halide crystal 
causes a separation of metallic silver, and that the latent image is a typical 
dispersoid phenomenon. It is still to be determined whether the fog and 
particles observed by Lorenz and Hiege in insolated silver bromide, show in 
all respects the same chemical behavior as the latent image, e.g., whether they 
react with sensitizers, etc.°® 

In order to avoid the complicated system of the gelatin dry plate, etc., 
as well as the disturbing influence of the intermediate medium of Lorenz and 
Hiege, W. Ehrlers and P. P. Koch *® used single crystals without a binder in 
their work on the changes in mass of the silver bromide grain upon insolation 
with white light. They used the suspension condenser according to Ehrenhaft 
and Millikan,'°° + which enables one to measure directly the change in mass 
of a silver bromide grain under the influence of illumination. A continuation 
of this extremely interesting work by P. P. Koch and F. Schrader *** with 
perfected apparatus, on grains of AgCl, AgBr and Agl, showed mass changes 
of 1 to 2 per cent at the most with an intensity of illumination of 3,000,000 to 
12,000,000 meter candle seconds; and much weaker illumination (e.g., 2300 
meter candles for AgBr for 5 seconds), produces distinct coloring. 

By use of a Salvion microbalance in high vacuum *°* was able to show that 
on intense illumination silver bromide grains suffered considerable loss in mass. 

R. Schwartz and H. Stock," as well as P. Gross,*°* attacked the question 
of loss of halogen from another angle. By measuring the halogen liberated 
by photochemical decomposition of the silver halide in layers having no binding 
material, they sought to prove that halogen liberation parallels blackening of 
the photographic emulsion, and further, that the sensitivity to light depends 
largely on the condition of the silver halide, especially on its age and the 
conditions of its formation. Considerable difference was shown among the 
various preparations of silver halides, according as they were formed in the 
presence of alkali halide, or in the presence of an excess of silver nitrate— 


* Consider also the growth of crystals at the cost of others consequent on surface forces, as 
pointed out by G. Tammann. This he attributed to a recrystallization process. 
} For Millikan’s falling drop method, see p, 177. J. A, 
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i.e., as brom or chlor substances, or as silver substances, in the sense ( 
Fajans.°> On insolation only the brom substance evolved bromine, while : 
the case of silver chloride, both the chlor and the silver substance evolve 
chlorine. The moisture present has marked effect on the accuracy of tl 
determination of halogen, because of secondary reactions between the wat 
and the halogen. Moist AgCl silver substance is more powerfully decompose 
than dry, while there is little difference between moist and dry chlor substance 
The intense coloration of the moist silver substance indicates its great set 
sitiveness, but on the other hand the dry chlor substance is certainly mot 
strongly decomposed photochemically than silver substance, and especial] 
remarkable is the very slight sensitiveness of dry AgBr silver substanc 
However, it is well known that silver substance is more light sensitive in tk 
photographic sense, and all photographic emulsions are prepared as “‘silve 
substance” by using an excess of AgNOs. 

The conflict between photochemical and photographic light sensitivenes 
is, therefore, only an apparent one, and is due to the fact that the latter is mea: 
ured by behavior on short insolation and subsequent development, and de 
velopment is not a simple process, showing (according to Vogel) differer 
results according to whether it is done in acid or in alkaline medium. Ur 
questionably AgBr is more sensitive to light than AgCl, but nevertheless Ag 
colors up darker than AgBr. Photochemically, AgCl is more sensitive tha 
silver substance. Curiously, AgCl produces no solation as compared wit 
AgBr, for even with the highest intensity of light the Cl split off is directl 
proportional to log J, whereas with AgBr there is a recession of Br liberatio 
at high intensities, which must be considered as analogous to solarisation. 

The course of photochemical dissociation is also quite instructive ; the curv 
obtained by plotting recurrent insolation at constant intensity against haloge 
evolved per unit of time, shows a maximum which is reached only after 
certain photochemical inductive period. 

As to ageing phenomena, fresh AgCl silver substance shows less photo 
chemical decomposition than aged material, which is analogous to the ripen 
ing of silver halide emulsions. 

All these observations furnish convincing proof of the correctness o 
Lorenz’ theory of the latent image. 


10. DispERsoips oF THE MINERAL KINGDOM AND OF SLaAGs 


Lorenz and Eitel were the first to study under the ultramicroscope colloida 
solutions of solid dispersoid phases in a solid dispersion medium. Thes 
hardened metal-fog preparations are typical of a large number of. substance 
found in nature, especially those minerals which are allochromatically staine 
by the presence of finely divided pigment. 

Pyrosols, which may be regarded as fluid-dispersoid systems in fluid medi 
like emulsoids, are analogous to substances frequently found in nature, as fo 
example, the obsidians, pitch-stones, and other glassy lava stones in whicl 
fluid particles of dispersed substances, frequently of ultramicroscopic size, ar 
distributed. The pyrosols also correspond to certain artificial substances. suc 
as the water-glass synthesized by Barus 1° and the sulfide silicate melts forme 
as steel slag which J. H. L. Vogt 1°" investigated. A wide field is open fo 
the investigation of the phenomenon of metal-fog, in view of the fact tha 
emulsoids of the pyrosol type are in their solution phenomena similar to th 
homogeneous, complex fluids which show de-solution. It is possible to deriv 
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the solubility curve of a metal in the melt of its salts from the de-solution 
phenomena which appear during the cooling of the solution, if the latter is 
separated from the superfluous metal. One must determine at what tempera- 
ture the solution becomes clear and at what temperature it becomes cloudy 
during cooling. The cloud would not be formed as a de-solution dispersoid by 
emulsing the metal at the surface between metal and salt, but it would be 
produced in the metallic salt solution itself. The separation of the fog, there- 
fore, would be quite analogous to the de-solution process of the homogeneous 
fluid phases in the system Phenol-Water.1°® Especially in FeS, CoS, PbS, 
ZnS, CuzS, AgeS, the so-called “stones” * of metallurgic processes, we have, 
according to Vogt’s studies, excellent examples of limited solubility and also 
examples of a series of de-solution dispersoids from those consisting of the 
smallest ultramicroscopic particles up to large particle suspensions. Iron 
sulfide is not found in crystallized form in such slags, but is suspended in 
highly dispersed particles in the obsidian-like opaque black glass. The larger 
aggregates may appear in the characteristic form of drops. ‘The black glass. 
seeming optically quite homogeneous, gives the impression of an ultramicro- 
scopically fine dispersion analogous to gold, silver, copper, and lead glass. As 
a supplement to his earlier observations, R. Lorenz recently published interest- 
ing studies on slags *°® containing manganese-fog. A splinter of this brown 
glass, peculiarly iridescent when the light strikes it, shows in the ultramicro- 
scope a large number of very fine particles of golden-yellow brilliance, which. 
recall those in gold ruby-glass. Analogously to the formation of the colloidal 
gold in the latter, the metal in this case originates from a reduction process 
in the manganese-glass. However, the manganese is appreciably volatile at the 
furnace temperature.11° Therefore, it may have diffused directly from regulus 
metal into the glass in the form of a fog, in a manner similar to the formation 
of the fog in the systems Cd-CdCl,, Pb-PbCle, etc. 

Besides de-solution dispersoids of fluid partial phases from homogeneous 
fluid phases, there are also frequently found in nature de-solution dispersoids 
of crystallized substances from a homogeneous mixed crystal phase. They 
also show distinctly all transition points from suspensions of amicronic small 
particles up to a microscopically visible fog of large dispersed particles. We 
may here mention the innumerable inclusions in nephelin, the separation of 
iron oxide from feldspar, the separation of anorthite-microperthite, titaniferous 
magnetite, inclusions in hypersthine and labradorite, etc." 

By means of the ultramicroscope the de-solution processes of alkali halides 
were investigated, and W. Eitel ™* succeeded in following them step by step, 
especially in the system NaCl-KCl, under widely differing concentrations and 
under the most varied circumstances. 

The high color intensity of metal-fog finds its parallel in many allochromati- 
cally colored minerals, for example, ruby, sapphire, fluorspar, rock-salt, soda- 
lithia minerals (in analogy with ultramarine), etc. 

We may here refer to the detailed and extensive work of C. Doelter,’™ 
to the work of FE. Weinschenk,74 K. von Kraatz-Koschlau and L. Wohler,1° 
and many others. 

We must always remember the point of view which C. Doelter advanced 
regarding the coloration of mineral salts and which has been known as a fact 
for a long time in connection with metallic hydrosols and pyrosols: Different 
colors (in this case, a mineral) are not necessarily caused by different pig- 
ments; one substance may show quite different colors on account of changed 


* Such substances are commonly called sonims. J. A. 
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size of the particles, and even the change of a colloidal system into a crysté 
line one may be observable as a 2hange in coloration.* If radiation does pl 
the main réle in the origin of colloidal allochromatic pigment, by which cc 
loidal metals produced by electrical dispersion enter the substance—this que 
tion will probably be solved analogously to those of metal-fog and pyrosols. 
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Colloidal particles may be crystalline, and need not necessarily consist of random clusters 
molecules. J. A. 
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The Adsorption of Gases by Metals 
By L. L, BircumsHaw, B.A., M.Sc. 


A considerable amount of work has been done on the adsorption of gases 
by various substances, chiefly charcoal, but measurements of the adsorption 
of gases at metallic surfaces are comparatively rare. The problem of adsorp- 
tion at plane crystalline surfaces has been attacked by Langmuir in three 
extremely important papers.: » * The fundamental idea involved is the ex- 
tension of the Braggs’ work on the structure of crystals to chemical processes 
at surfaces. Langmuir considers that the forces affecting adsorption may be 
due to the electromagnetic fields of force resulting from the residual affinity 
of the atoms on the surface of the solid. These may be the result of either 
primary or secondary valence, but he brings forward evidence that in a num- 
ber of cases the union between the surface and the adsorbed film is the result 
of the strongest kind of chemical union (primary valence). 

Langmuir considers that the orientation of the atoms on the surface of a 
crystal constitutes in effect a sort of “checker” board, and that when the 
molecules (or atoms) of a gas are adsorbed, this takes place by the filling up 
of certain definite “elementary spaces.’ These spaces may be of more than 
one kind. Thus in the arrangement of the hydrogen and oxygen atoms on 
the lattice of the following surface: 


Considering the area of an elementary space as that covered by four atoms, 


then we may have two types of space viz.: te and aoe the adsorption of 


these spaces will differ, and this may cause the adsorption to take place in 
steps; or when different gases are alternately adsorbed, maximum surface 
adsorption will take place in stoichiometric proportions. It is important to 
notice that in Langmuir’s theory, although the forces which give rise to adsorp- 
tion are identical in nature with the forces operative in the formation of 
chemical compounds, yet the phenomenon is not due to the production of 
definite compounds such as certain earlier workers in this field have postulated. 
Langmuir develops a formula * for the rate at which a gas comes in contact 
with a surface. 
M 
M=Nx pp X?P (1) 
where m is the number of grams of gas striking a sq. cm. of the surface 
per second, M is the molecular weight, T is the absolute temperature, p is the 
707 
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ergs 
deg.” 
ber of gram molecules striking one sq. cm. of the surface per second, then 


ty ee a7 oi ee (2) and (3) 
V/ 2xM RT / MT 

A certain fraction a of the molecules which strike the surface will condense 

before they evaporate off again, and it is considered that there is good evidence 

that a is very close to unity. It will be seen also that on this theory, adsorptior 

is a direct consequence of the time lag which exists between the condensation 

and evaporation of molecules at the surface. 

Consider a surface which has Ny elementary spaces per sq. cm., then this 
is also the number of molecules (in a case of simple adsorption) required tc 
form the adsorbed layer. The rate of evaporation from the second layer of 
the gas will be very much more rapid than from the first, in fact in many 
cases, it will amount to a reflection. If § represents the fraction of the surface 
which is bare, aOu gives the rate of condensation of the gas, and v,9, represents 
the rate of evaporation, where 0, is the fraction of the surface which is covered 
and v, the rate of evaporation if the surface were completely covered. For 
equilibrium at the surface we have 


pressure in bars,* and FR is the gas constant 83.2 & 10° If p is the num: 


also 6+ 6,= 1 (5) 
h ee 
whence 0, eae (6) 
If we put a= 01 (7) 
Vi 
then (6) b eee 
1en (6) becomes 6, Seren (8) 
If y is the number of gm. mols. of gas adsorbed per unit area of surface, then: 
NSS ee eer Galt 
gs Sieceran is 


This equation gives us the relation between the pressure of the gas which is 
proportional to uw, and y, the amount of gas adsorbed at the surface. Both of 
these are capable of experimental determination, so that Ny» and o, can be 
calculated. 

Langmuir has also derived formule for the case (1) when there are severa’ 
kinds of elementary spaces representing fractions of the surface: 


; 4 By + Be + Bs Mieesors art A = 1 
which can be written 
N- <a Brow Booou 
Ni seme lg eaa cay 
(2) adsorption at amorphous surfaces when the spaces may be all unlike: 
1 
N o 
<1 | tha (11) 
i) 


*1 Bar = 107% Atmospheres, 
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Where o is a function of §, 7.c., dB is an infinitesimal fraction of the surface, 
each element having its corresponding value of 6. (3) When each elementary 
space can hold more than one adsorbed molecule: 


Nn _ _ Gilt + 26,6207 + 30,02030° + (12) 
No 1 + oi + 6,6,u? + 6,0,0,u% +° 


: Where, if 9 represents the fraction of the spaces which contains no adsorbed 
molecules and 9, the fraction of spaces which contains 7 molecules, 


then —0+6,+6,+........ On 
and 0= 0,/o,y 

O20, 

0203N70,, etc. 


inn 


An important case is that of atomic adsorption, which for the case where the 
total adsorption covers only a small fraction of the surface, reduces to 


= Vou (13) 


or the adsorption is proportional to the square root of the pressure (for the 
case where two elementary spaces are occupied by the atoms of the molecule). 

Langmuir points out that the results obtained by a study of adsorption 
phenomena cannot be explained by any single formula. An examination of 
the data put forward by Freundlich shows that in his well known equation 


1 
q = apn (14) 
(where q = quantity of adsorbed gas; p= pressure; a—=a constant; and n 


is a constant greater than unity), ms approaches unity for low pressures and 


: ; 1 
high temperatures, but for high pressures or low temperatures ay may become 


as small as 0.1. This is easily explained on Langmuir’s theory. If we turn to 
equation (9) we find that the term 6,4 may be neglected in the denominator 
at low pressures or high temperatures. The gas adsorbed then varies as the 
pressure p. At high pressures or low temperatures the adsorbed gas tends to 


a limiting value (saturation), and as this limit is approached, the value of :, 


in Freundlich’s equation must gradually decrease. According to equation (9) 
q and p will be related by the equation 


_ —abp 
ray (15) 


where a and b are constants related to 0,, No, M@, and T. This can be re- 
written, 
i b 


and by plottirg 2 as a function of p the constants a and b were determined. 


ee | (16) 


Using these values q cal. was compared with q obs. from his experimental data. 
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Langmuir then calculated N, from his experimental data in order to see i 
these values corresponded to an adsorbed layer not exceeding one molecule i1 
thickness. 

Dividing equation (15) by b and comparing it with (9), we get: 

ou = ap 
and Nog = ONn (17) 
q being expressed in cu-mms. of gas and absorbed on the surface s, and 1 
being the corresponding number of molecules per sq. cm. Now one cu. mm 
of gas at 20° and 760 mm. pressure is 4.16 & 10-* mols. and we get: 


n= 4:16 x 10% a/s. 


Substituting this in (17) and putting N = 6.06 X 1078, we have No = 25.2 X 
101° b/s, from which equation NV, can be directly calculated. 

Now if we take the average distance between the atoms of solids a: 
3 & 10°8, then the area covered by each is 9 & 10°1%, and the number of atom: 
per sq. cm. is of the order of 10'°. This order of magnitude is in agreemen 
with the values of N, found. The number of molecules required to form < 
monomolecular layer was calculated from the molecular volume of the adsorbec 
substance in the liquid state. For nitrogen the number per sq. cm. is 0.66 X 
10**, for methane 0.63 & 101°, for carbon monoxide 0.66 & 101°, for argon anc 
oxygen 0.77 < 107°, and for carbon dioxide 0.61  10*°. 

Langmuir studied the adsorption of various gases, and in the case of glas: 
and mica found that the adsorption at room temperatures was negligible. I 
these cases also at lower temperatures (90° K. and 155° K.),* he found tha 
the observed values of No were considerably less than the calculated values 
showing that the amounts of gas required to saturate the surface under thes 
conditions were always less than the amounts required to form a monomolec 
ular layer, from which he concluded that the adsorption of most of thess 
gases did not occur over the whole surface, but only in a region where the 
stray fields of force of the atoms were particularly strong. 

In the experiments on platinum, the metal used was in the form of foi 
15.3 & 10.2 cms. and a thickness of 0.0010 mm. The weight was 4.03 gms 
and the total surface 312 sq. cms. The first tests, which were made witl 
hydrogen, oxygen, and carbon monoxide, showed practically no adsorption a 
room temperatures, and also when cooled in liquid air, but after the metal hac 
been heated to 250° in a mixture of hydrogen and oxygen (neither gas alone 
would activate the platinum), adsorption of both oxygen and carbon monoxid 
was noticed. Thus, if oxygen and carbon monoxide were introduced, one 0: 
these gases being in excess, then an abnormal disappearance of the gas ir 
excess was observed ; and if a mixture was then used containing the other ga: 
in excess, an abnormal disappearance of part of the excess of gas would b 
noticed. These results could be explained by the supposition that the gas addec 
in excess becomes adsorbed on the metal, and subsequently reacts with th 
other gas when brought in contact with it. The results obtained by th 
alternate treatment of the metal with oxygen and carbon monoxide are show1 
in full in the table. 

To arrive at an estimate of the gas adsorbed in this way it was necessary 
to determine the amount of carbon dioxide formed. This was done in th 
series of runs given in the following Table (I), and from these results the 
amounts of gas absorbed by the platinum (not removed by exhausting), wer 
calculated (Table II). 


* The pressure in these experiments varied from 1 to 170 bars. 
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TABLE I 
TREATMENT OF PLATINUM ALTERNATELY WITH OXYGEN AND CARBON MoNoxIDE 
Initial COs 
Amount Contraction Formed Adsorbed Loss of Loss of 
Run Gas Temp. Cu.Mm. Cu.Mm. Cu. Mm. Oo (ore) 2 co 
1 CO 200° 35.9 15.6 11.2 5.6 4.4 0.5 
2 Oz 200° 30.6 8.5 3.9 6.6 3.9 1.4 
3 GO) 200° 25.0 14.8 10.6 5.2 43 0.4 
4 O; 330° 29.0 12.7 3.9 10.8 3.9 5.6 
5 CO 330° 29.9 13.4 10.5 oe 2.9 1.7 
6 O2 330° 29.6 8.9 1.2 8.3 Ly 4.7 
7 CO 100° 28.4 TAS 7.3 3.6 42 0.1 
8 O2 100° 27.4 5.6 41 35 4.1 — 0.1 
9 CO 100° 26.6 11.4 IS 3.6 4.1 0.5 
10 O: 20° 26.6 45 3.6 27, 3.6 0.6 
ll €O 20° 27.8 8.5 42 2.1 4.3 0.8 
12 Oz 20° 29.0 4.5 5) 2.8 $5 
TABLE II 
AMOUNTS OF OxyGEN AND Carson Monoxipr ApsorBep BY PLATINUM 
Oxygen Carbon Monoxide 
Temp. Cu.Mm. No. Cu.Mm. No. 
20 Za ORI So Me 3.6 0.29 x 10* 
100 3.6 0.29 4.1 0.33 
200 5.4 0.44 319) 0.32 
330 52 0.42 iL 0.10 


These values were found to be greater than those obtained by adsorption on 
mica and glass, but they never exceeded the amount required to form a mono- 
molecular layer. 

From Table II it is seen that in the case of oxygen the adsorption in- 
creases with rise of temperature, while with carbon monoxide the adsorption 
decreases. Experiments showed that the platinum saturated with carbon 
monoxide at 360° and allowed to cool adsorbed 6.9 cu. mm. of gas on its 
surface; 5.7 cu. mm. of this was removed by heating, but the remaining 1.2 
cu. mm. was only removed by admitting oxygen. From these experiments, NV. 
in this case was calculated to be 0.56 * 101°, which corresponded fairly well 
with a monomolecular layer. In a somewhat similar manner it was shown 
that 5.9 cu. mm. of oxygen were adsorbed in the metal at 360°, which corre- 
sponded to Ny, = 0.48 & 10%. In further experiments the metal was saturated 
with the gas at 360° and allowed to cool, and the adsorption was the same. 
On heating to 360° no oxygen was driven off, so that the gas was apparently 
held on the surface of the metal much more firmly than the carbon monoxide. 
It could only be removed by reaction with the latter gas. 

Langmuir considers that adsorption in the case of oxygen is due to strong 
forces of the nature of primary valence. In the case of carbon monoxide the 
bulk of the adsorbed gas could be removed by heating, but only with relative 
difficulty. This behavior was different from that of the adsorption of gases 
by mica and glass, which he considers to be due to valency forces of the 
secondary type. 

To obtain some information about these two types of adsorption, some 
measurements of the adsorption of carbon monoxide and oxygen on platinum 
were made at liquid air temperatures. Carbon monoxide was introduced into 
the bulb until a pressure of 16 bars was reached, when the gas adsorbed was 
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4.8 cu. mm. The liquid air was then removed and the bulb allowed to hea 
up slowly. From pressure observations it was shown that 3 cu. mm. of ga 
adsorbed at liquid air temperatures was given off at a moderate temperature 
and that the gas was readsorbed when the bulb approached room temperatures 
From these experiments, Langmuir concluded that at liquid air temperature 
the adsorption takes place by means of secondary (relatively weak) forces 
and by moderately raising the temperature the gas comes off, but at roon 
temperatures the reaction velocity becomes sufficient for the platinum to reac 
(primary valence) with the carbon monoxide to form a much more stabl 
adsorbed film. Similar experiments with oxygen showed that the adsorptiot 
increased steadily from about 0.6 cu. mm. at liquid air temperature to nearh 
6.0 cu. mm. at 360°. 

Much qualitative evidence for this theory of adsorption was obtained by 
Langmuir and is given in some of his earlier papers. Atomic hydrogen, 
produced by heating a platinum wire in the gas at low pressures, was foun 
to be strongly adsorbed on surfaces, giving films of remarkable stability, anc 
from some experiments on glass surfaces he concluded (1) that adsorptio: 
is determined by chemical affinity; (2) the adsorbed layer does not exceec 
one atom in thickness; (3) hydrogen atoms striking glass surfaces are no 
reflected. Further evidence was obtained by some experiments with a tungste1 
filament.* Thus it was shown that at 3300° K. and a pressure of about 5 bars 
50 per cent of all the oxygen molecules which strike the filament react with 1 
to form WO;. At least one half of the surface must be covered witl 
oxygen, and at this low pressure it is evident that the film has enormous sta 
bility and that probably the oxygen atoms are held to the tungsten by chemica 
forces. 

The existence of this oxygen layer was confirmed by a study of the electro 
emission from the filament. A pressure of 0.001 bar of oxygen lowers ths 
electron emission to a large extent. If a mixture of oxygen and hydrogen i 
heated in contact with a tungsten filament at 1500° K, the metal reacts witl 
the oxygen as if no hydrogen were present. While this oxidation is going on 
none of the oxygen and hydrogen react, and the WO; is not reduced by th 
hydrogen and no atomic hydrogen is produced. When the oxygen has beet 
nearly all used up (partial pressure 0:01 bar), the hydrogen begins to dis 
appear by being dissociated into atoms and effecting the reduction of the WO 
(deposited on the bulb) (WO, distills from the filament at 1200° K.). 

Langmuir considers that this experiment proves 


(1) that in the presence of even 0:01 bar of oxygen the surface of the tung 
sten at 1500° K. is practically completely covered with oxygen. 

(2) That this layer of oxygen will not react with hydrogen at this tem 
perature. 

(3) That such a layer of oxygen prevents the formation of atomic hydrogen, 


It is quite obvious that this film has different properties from that of a filn 
of oxide or a layer of compressed gas, and Langmuir considers that th 
oxygen atoms are chemically combined with the tungsten. The two primar 
valencies of the oxygen atoms are turned down to the metal, so that a hydroget 
molecule striking the surface never comes in contact with the tungsten; bu 
at the same time the hexavalent atoms of the latter are not completely satu 
rated by the oxygen, so that they are still held firmly to the underlying atom 


* The pressure of gas in these experiments was under 5 bars. 
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of metal. It is only when the surface layer of tungsten atoms becomes com- 
pletely saturated by the oxygen that they cease to be held by these underlying 
atoms, and evaporate off as WO;. In a film of this type the field of force 
lies completely below the surface, inaccessible to the hydrogen atoms; but when 
the pressure of the oxygen falls very low (0:01 bar), the rate of evaporation 
of the gas is greater than the tate of deposition, gaps are formed on the surface 
and the hydrogen is able to make a “flank attack” as it were, the oxygen film 
is suddenly removed and the dissociation of the hydrogen begins. Electron 
€mission measurements show that the emission suddenly increases again at this 
point. 

Further observations confirmed these ideas. It was shown that in a mixture 
of carbon monoxide and oxygen the tungsten was oxidized as if none of the 
former gas were present. In fact, these gases refused to combine when the 
temperature of the filament was as high as 2800° K. Similar results were 
obtained with a mixture of methane and oxygen, which failed to react at 
1800° K., the tungsten being oxidized. A tungsten filament decomposes 
methane, liberating hydrogen, and the carbon deposited being taken up by 
the filament, this decomposition also was found to be prevented by traces of 
oxygen. A tungsten filament decomposes ammonia at 1000° K., but if traces 
of oxygen are present, this does not occur at 1200° K. If a mixture of 
cyanogen and oxygen is heated to 1500° K., the oxidation of the tungsten is 
prevented until the cyanogen has been oxidized to carbon monoxide and 
nitrogen. Any excess of oxygen then reacts with the filament, or any excess 
of cyanogen reacts giving nitrogen and carbon, which is taken up by the 
tungsten. Thus it seems as if the cyanogen film is more strongly held even 
than the oxygen. 

Experiments made on the electron emission from filaments confirmed the 
above views. In all cases with tungsten, chemically inert gases were found 
to have no effect on the electron emission, while nearly all gases which react 
with the metal were found to lower the emission. For instance, it was found 
that water vapor, which is almost as efficient a “poisoner” for the tungsten 
surface as oxygen, had as great an effect on the electron emission as the latter 
gas; while carbon dioxide, which reacts very slowly with tungsten and does 
not poison its surface, had hardly any effect on the emission. 

Palladium, and to some extent platinum, occupy a unique position amongst 
metals owing to their ability to absorb relatively large amounts of hydrogen. 
Considerable work on the system PdH, has been recorded. 

Holt, Edgar, and Firth® have put forward the view that the occlusion of 
hydrogen by palladium takes place in two distinct stages: firstly a very rapid 
occlusion (adsorption), followed by a slow occlusion (absorption). They 
conclude that the metal exists in two forms, the amorphous, which is respon- 
sible for the rapid initial adsorption, and the crystalline. The “activity” of 
the metal is largely conditioned by the presence of the amorphous phase. The 
latter is metastable, and the “activity” can be reproduced by heating the metal 
to a red heat in a vacuum, or by oxidizing the surface and reducing the oxide 
by hydrogen. 

Andrew and Holt,’ in a study of the heating and cooling curves of pal- 
ladium in hydrogen, confirm these views; and they believe that the saturation 
value of the gas in the metal is the same, the difference being the rate at which 
the occlusion takes place. They found that in the absence of the amorphous 
film the rate is exceedingly slow, but at temperatures above 100° a rapid occlu- 
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sion takes place in whatever form the metal may be, and at 150° all form 
have an equal affinity for the gas. 

Holt ® has measured the rate of solution of hydrogen by palladium in th 
three different forms: (1) palladium black, (2) palladium foil 0:004 mm 
thick, and (3) palladium foil 0.2 mm. thick. In cases (2) and (3) h 
finds that the curves consist of two distinct portions—a more horizontal brancl 
which is considered to represent the rapid initial occlusion (adsorption), by 
the amorphous metal on the surface, and the second portion the diffusiot 
of the gas into the crystalline metal. Andrew suggests that the adsorbec 
layer acts as a film of high concentration or high pressure of gas and effect: 
the absorption of gas by the crystalline metal. 

Although platinum black, like palladium black, has a high power for 
the occlusion of hydrogen, crystalline platinum appears to possess this prop. 
erty to a very small degree. An explanation for this fact has been suggestec 
by Andrew ® to be that in the case of palladium, the amorphous and crystal. 
line phases can coexist in equilibrium up to a temperature of 250°, and tha 
this is not the case with platinum. 

Firth ?° has studied the occlusion of hydrogen by palladium at low tem- 
peratures and finds that adsorption only takes place. His conclusions may 
be briefly summarized : 


(1) Below 0°—adsorption only. 
(2) 0°-150°—adsorption followed by absorption. 
(3) Above 150°—absorption only. 


In a further communication ™ on the sorption * of hydrogen by amorphous 
palladium Firth has found that: 


(1) The sorptive capacity of palladium black varies according to the 
method of preparation. 

(2) Palladium black contains both amorphous and crystalline palladium, 
the proportion of each varying with the conditions under which it was 
prepared. 

(3) The sorptive capacity of palladium black at low temperatures depends 
on the temperature at which sorption begins. 

(4) Palladium black saturated with hydrogen at 100° sorbs further quan- 
tities of hydrogen when gradually cooled in the gas. 

(5) A comparison of sorptive capacity at definite temperatures varying 
from 100° to — 190° shows a slight decrease from 100° to 20° and a con- 
tinuous increase from 20° to — 190°. 

(6) When palladium black is heated the proportion of the crystalline 
variety is increased. 


Taylor and Burns *** have made some very interesting measurements of 
the adsorption of hydrogen, carbon monoxide, carbon dioxide, and ethylene 
in finely divided nickel, cobalt, iron, copper, palladium, and platinum, with 
special reference to the catalytic activity of these metals. They found that 
in the case of two samples of nickel the adsorption was considerable, and 
appeared to be independent of temperature from 25° to 218°. In the case 
of a third sample of nickel which had been reduced at a higher tempera- 
ture the adsorption was greatly reduced. Their results for nickel are given 
below. 


* This term suggested by McBain is used to include both adsorption and absorption 


TABLE III 
Absorption oF GASES BY MetaLiic CaTALysts 


Vols. of Gas per Vol. of Metal 


Metal Wt. in G. Gas 25° C 110° C. 184° C, 
Ni I 6.2000 N> = = kts 
Ha: 3.90 4.30 — 
CO: — = _ 
Ni II 13.9422 N2 — = = 
H, 4.15 3.90 — 
CO, 1.15 0.50 = 
(X®) -- -- 3.50 
C2 4.10 3.50 = 
Ni Ill 13.5210 N2 — ae = 
Ha 0.25 0.30 — 
CO2 0.20 0.06 — 
CO a _- 0.75 
CoH, 0.65 0.35 — 
Cu 22.8550 Nz — — = 
H2 <0.05 <0.05 = 
CO2 0.06 <0.05 — 
CO 0.60 0.25 a 
CoH, 0.65 0.25 = 
Oz <0.05 — = 
eo) I 19.7600 re — = ee 
' = he =a. 
Hz <0.05 <0.05 — 
CO2 2.00 0.50 -- 
CO 7.35 1.20 — 
Co Il 35.1750 Nz — — — 
H2 0.05 0.06 — 
CO2 0.50 0.05 — 
CO E55 0.60 — 
CH 0.35 0.10 — 
Co III 0.7500 N, — -- 
He 1.70 — 
Fe 13.1030 N> — — — 
Ha 0.05 <0.05 a 
CO, 0.25 <0.05 = 
CO 0.70 0.20 == 
CoH. 0.30 <0.05 — 
Pd 0.6000 N, = —- — 
Hz MDZ 540.50 -- 
CO, <0.05 <0.05 = 
CO 14.40 14.40 = 
O2 11.50 11.50 — 
Pt: 5.0000 N, — — — 
sponge H2 4.05 4.50 — 
COz <0.05 <0.05 os 
CO 0.20 0.85 = 
C.Hs <0.05 <0.05 = 
F 1.90 2.80 -- 
Pt. 2.5000 N2 — — -— 
Biack H, 6.85 6.00 — 
CO2z 1.70 0.85 — 
CO 18.00 19.70 — 
CH, 7.70 6.00 — 
2 26.50 26.10 a 
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Adsorptions by copper were of less magnitude than nickel and in no case 
were they measurable at 218°. Cobalt was found to adsorb small quantities 
of carbon monoxide, and adsorptions in the case of iron were very small. 
Platinum sponge and platinum black were found to behave very differently 
with regard to carbon monoxide and oxygen. Their results are shown in 
ables. 

They also found that the adsorbed film of carbon monoxide adhered 
most tenaciously to platinum, it being necessary to burn it off with oxygen 
and then remove the excess of oxygen with hydrogen. 

Taylor and Burns conclude: 


(1) That adsorption by such metals is a specific property quite different 
in nature from adsorption by inert adsorbents such as charcoal. 

(2) The extent of adsorption is a function of the mode of preparation 
and is especially less pronounced the higher the temperature at which the 
reduced metal is prepared. The analogy of this fact with the correspond- 
ing facts of catalytic behavior is emphasized. 

(3) Adsorption isotherms were studied in two cases: nickel and hydrogen, 
and copper and carbon monoxide. In both cases adsorption increases rapidly 
with increasing partial pressures below 300 mm. and becomes practically 
independent of pressure beyond this pressure. 


They consider that the adsorption of gases by metals is a surface phe- 
nomenon “somewhat chemical in nature, possibly involving re-arrangement 
of electrons in both the adsorbent and the gas.’ They found that catalytic 
activity did not necessarily follow increasing adsorption, and in some cases 
they found an increase of catalytic activity at temperatures where adsorp- 
tion had become almost negligible, from which they conclude the necessity 
of free evaporation of both reactants and resultants from the surface. They 
consider that adsorption alone is not the cause of many catalytic reactions, 
but that in addition the temperature factor must be considered. 

Pease,’* in connection with an investigation on the catalytic combination 
of ethylene and hydrogen in the presence of copper, has measured the adsorp- 
tion of hydrogen, ethylene and ethane by a copper catalyst and found that 
the adsorption increased in the order hydrogen, ethane, ethylene. In his 
case he found a much greater adsorptive capacity than Taylor and Burns 
viz., at 0° and 1 atmosphere, 3.0 c.c. of hydrogen and 8.0 c.c. of ethylene per 
100 grams of metal. 

In another communication Pease 1% has continued and extended his work 
on this problem. His results emphasize the marked specific nature of the 
adsorption, and he found that his data fitted approximately a modification 
of Langmuir’s equation for adsorption in a single type of elementary space 
His equation may be written: ‘ 

SENSED. 
V aas. ‘al = ap) . V eat. 
where a and Vat, are constants. 
es It follows from this, of course, that when ap is large compared with unity 
then ; 
V sas, = Op. Vict, =P ae constant: 


and if ap is small compared with unity, then 


V sas. = ap = p X a constant. 
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Pease considered that elementary spaces of all degrees of activity were prob- 
ably distributed over the surface of the catalyst, and that before Langmuir’s 
formula can be applied the distribution curve for activity must: be known. 
Assuming that these values can be grouped round three average values 
which correspond to (1) a high activity and a large value of a (Vaas, = V sat.) ; 


szppndito : V 
2) a medium activity and a medium value of a; avgreaaa 
(2) a medium activity and a medium value of a; Vad. (1 bap) } 


and (3) a low activity and low value of a (Vaas, = apV eat.) ; we then have 


Via + V2 Vs = Vent. + Tp ane + a3V zat. p. 
This equation was found to fit the values for hydrogen, carbon monoxide, 
and ethylene within the experimental error. 

Pease also studied the poisoning effect of mercury, and the effect of de- 
activation of the catalyst by heat treatment. He found that mercury effected 
a decrease in adsorption in all cases, and that the decrease for hydrogen 
was twice as much as that for ethylene. He considers that the effect of 
the mercury is to saturate certain of the elementary spaces, and it appears 
as if the de-activation can occur in distinct steps, and that a center is pre- 
vented from adsorbing hydrogen while still adsorbing ethylene strongly. 

Decreasing adsorptive power, in a general way similar, was observed in 
the de-activation by heating, but the decrease of the hydrogen adsorption 
was relatively less than in the case of poisoning, and the ethylene adsorption 
relatively more. In both cases (poisoning and heating), the strong adsorp- 
tion at low pressures was considerably decreased while the additional adsorp- 
tion at higher pressures suffered little. ; 

Pease considers the adsorption to be specific between the copper and any 
particular gas, and that the activity of the surface is due to regions which 
contain atoms whose fields are highly unsaturated. He found that the heating 
necessary to cause the de-activation of the copper also caused a certain amount 
of sintering, which he considers to indicate the existence of atoms of high 
mobility and therefore unsaturation, and that one would be more likely to 
find such groups of atoms in “peaks” than in the valleys or capillaries. 

Gauger and Taylor * have extended their work on the adsorption of gases 
by nickel, and have investigated the influence of temperature, pressure, and 
supporting material for the catalyst. The catalysts were made by the care- 
ful ignition of nickel nitrate with subsequent reduction in a stream of pure 
hydrogen. They were reduced at different temperatures and were supported 
in some cases on (1) diatomaceous earth, (2) diatomite brick. They found 
that the previous history of the metal had some influence on the adsorp- 
tion, and that supporting it on an inert material increased the adsorption 
capacity tenfold, which they explain by the formation of increased surface; 
also that the catalyst in this form may be subjected to much stronger 
heating in the reduction process without decreasing its adsorptive capacity. 

They determined the isotherms of hydrogen on nickel, and found the 
curves to be of the type of the normal adsorption isotherm with no discon- 
tinuities ; but they found that at certain pressures a definite saturation capac- 
ity was reached at each temperature. They found also, as might be expected, 
that the saturation value diminished with rise of temperature, which means 
that the number of spaces which can be occupied by gas molecules is less 
at high temperatures. They consider that there are different adsorptive 
capacities of individual atoms on the metal surface. 
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Heats or ADSORPTION 


Measurements of the heats of adsorption of gas have usually been de- 
termined with a view to comparing the values obtained at its boiling point. 

Mond, Ramsay and Shields * determined the heat of adsorption of both 
hydrogen and oxygen on platinum black and obtained a value of 13880 cals/mol 
for the former and 35200 cals/mol for the latter. This value for oxygen 
agreed with the value found by Thomson for reaction 


Pt + O +H,.0 = Pt(OH). + 17900 cals. 


from which they concluded that the adsorption of the gas took place accord- 
ing to the above equation, the water vapor being always present in the 
platinum black. 

More recent measurements have been made by Beebe and Taylor ** who 
have determined the heat of adsorption of hydrogen on nickel and copper. 
They used two samples of nickel determined Q for each and again after 
heating for some time at 450° when the adsorptive capacity was found to 
be much reduced. The results are given in the table. 


Q. Heat of Adsorption 
Cals. 


Sample Determination C.C. of He. Adsorbed Mol. 
1. Before heat treatment........... 1 17.66 14.500 
eZ 16.21 14.210 
3 15.72 14.240 
i, Weleareal Ai Vanes, ke Pc cancnone §©6t 7.86 20.300 
5 8.31 21.300 
2.) Before heat treatment. ..ss. 0) 1 34.36 13.350 
2 35.35 13.700 
2oeGleatededehicsareita 50 seen 3 16.64 15.640 
4 15.81 15.350 


From the above it is seen that Q is not even of the same order of mag- 
nitude of the latent heat of vaporization of hydrogen at its boiling point 
from which it is concluded that adsorption cannot be a simple condensa- 
tion phenomena. It is also noteworthy that in both cases the heat of adsorp- 
tion is considerably higher when the metal possesses a lower adsorptive 
capacity. Rideal ** from other considerations has calculated the heat of adsorp- 
tion of hydrogen on nickel to be 12000 calories per mole which agrees fairly 
well with Beebe and Taylor’s experimental determined values. 

Quite recently Palmer by a very ingenious method has used the coherer 
to investigate adsorption films. Using contacts between fine filaments of 
(1) tungsten, (2) platinum, (3) carbon and platinum, he determined the 
critical voltage to remove the film and establish metallic contact, and from 
this the energy of desorption of the film can be calculated. Although cer- 
tain assumptions have to be made in this calculation, it is claimed that such 
a method has the advantage over calorimetric determinations inasmuch as 
it is possible to produce a clean filament surface and to test its cleanness 
and also as gases dissolved in the metal are unlikely to play any part in 
increasing the electrical resistance of the contact the heat of adsorption can 
be distinguished from heat of solution. Palmer’s results are given in the table. 
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Heat or DEsorPTION PER Gm. Mor, (CAL.) 


Tungsten Platinum Carbon 
Oxy Pen ee wins ete ess Pe eenen: 4800 1,200 — 
ivdrogel sw eecce tence coe ee 166 160 — 
(arbon monoxide wenn. cose: 32,000 (maximum) 750 — 
INEDOUSMOscIC CMeyentne niin Very small —_— — 
INGCEICEO X10 Gl spetinras saison 950 950 — 
PATON wer ee ere ect ate .. 7,300 (maximum) — — 
Sulphur dioxide ...... etetelietere 8,100 (maximum) 5,340 — 
Carbon dioxide, sc.meevene Very small — Very small 
Wiiatermva Or mane irra 40,000 (maximum) — — 
thane meriates. taco citesttocime tf Very small — 5,400 
Pith ene ae dents avsrks cela wise Very small — 2,550 


EXCeLVIGNOua. asic rae eres Very small — 4,900 


These values are in most cases very close to the latent heat of evaporation 
of the liquefied gas at its boiling point but Palmer very rightly points out 
the difficulties of comparing adsorption in such cases with simple condensa- 
tion when it occurs at temperatures so far above the boiling point of the 
gas and in some cases above the critical temperature. In addition, nitrogen, 
carbon dioxide and nitrous oxide are desorbed from tungsten with almost 
zero latent heat. 

It may be mentioned that a theory of adsorption first put forward by 
Eucken 1° and afterwards developed by Polanyi involves very different as- 
sumptions from those. of Langmuir. The most important of these is that the 
adsorbed surface does not consist of a single layer of atoms or molecules 
but consists of an envelope whose density varies continuously from the 
surface outwards and at every point a function can be defined which expresses 
the adsorption potential, 7.e., the work done in transferring unit mass of the 
adsorbed substance from that point to infinity.* 
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* See also references to Gouy’s theory in index. J. A. 


Fluidity and Plasticity 
By Pror. Eucene C. Brncuam, Lafayette College, Easton, Pa. 


Perhaps no one any longer regards viscosity as being an additive prop- 
erty in true solutions, yet, due presumably to force of habit, data on flow are 
still expressed in terms of viscosities instead of the more useful fluidities. 
The difference is particularly striking in the study of colloids, and may be 
illustrated by a wide variety of suspensions or emulsions. We will take as 
our example the dispersions of Trinidad asphalt in benzene studied by C. 
Richardson. The first additions of asphalt to benzene are of very slight 
effect upon the viscosity, but as the concentration increases the effect is 
greater and greater until finally the viscosity becomes infinite. This be- 
havior is quite general and remained unexplained until the fluidities were 
plotted against the concentration, when it was observed that in this and 
many other cases the fluidity-concentration curve is linear. The mystery as 
to why the viscosity increases so much more rapidly in the more concentrated 
solutions is therefore explained by the mathematical requirements of the 
case which may be summed up in the following law. Whether the solution 
be a true solution or merely a colloidal dispersion each successive equal in- 
crease in the concentration of the solute decreases the fluidity by a constant 
amount until the fluidity reaches that of the pure solute, 1.e., zero in the case 
of most colloids. The discovery of this simple law opens up the road to 
further discoveries, for departures from the linear curve can be readily de- 
termined. As a matter of fact there are very important cases in which the 
simple law does not hold, as when the solute and the solvent unite together 
to form a chemical combination; and in this case we have the possibility of 
estimating the amount of chemical combination by means of a fluidity method. 
To compare a family of hyperbolas using only viscosities may be entirely 
practicable from a purely mathematical standpoint, but as the curves become 
no longer simple hyperbolas the problem becomes vastly complicated and it is 
far simpler to use fluidities and the graphical method. 

In Fig. 1 the curve AC represents the viscosities observed by Richardson 
and the curve ac represents the corresponding fluidity curve. Purely for 
diagrammatic purposes the curve bd representing the same solution at a 
lower temperature has been added which bears a very obvious relation to 
the curve ac. By plottting the reciprocals of these assumed fluidities we 
arrive at the curve BD which bears no obvious relation to Richardson’s curve 
AC. This illustration is given to emphasize the importance of comparing 
additive properties wherever practicable. ¥ 

When one studies the fluidity-concentration curves of colloidal solutions 
as illustrated in Fig. 1, one becomes struck with the fact that the fluidity, 
as ordinarily measured, reaches a zero value at a definite concentration which 
seems sharply to demarcate viscous from plastic flow. The italicization of 
the word “seems” is justified by the discovery that the viscosity of colloids 
as ordinarily measured, is merely apparent viscosity, and not viscosity at all 
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in the sense of being a fundamental physical constant independent of the 
instrument in which the viscosity was measured. Abundant experiments 
have now proved that many and perhaps all colloids have the disagreeable 
quality of exhibiting viscosities, as measured in the customary manner, which 
vary with the shearing stress. Thus Glaser found that a solution of colopho- 
nium in turpentine showed a viscosity which varied from 4.2 x 10’ poises 
to many times that value without any change in concentration or temperature, 
dependent merely upon the shearing stress employed. Since colloids do not 
appear to have a definite melting point, boiling point or solubility—prop- 
erties which are most useful for control in classical chemistry—it is a pity 
if perhaps the most outstanding property of colloids, viz., the viscosity, proves 
to be a false guide; and certainly it would be unsafe to make broad gen- 
eralizations based on a property which is dependent upon the dimensions of 
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Frc. 1—Apparent viscosity curves of asphalt dissolved in benzene at two different tem- 
peratures AC and BD. The same data plotted as fluidities ac and bd discloses 
obvious relationships. 


the instrument used in measuring the property, but according to some un- 
known law. If it could be shown that the apparent viscosity is not a funda- 
mental property of colloids at all, but a mixture of two or more properties, 
then the lack of control properties in colloid chemistry would be more than 
made good, and our knowledge of colloid chemistry might be expected to 
expand correspondingly. 

When a viscous substance, either a liquid or a gas, is subjected to shear- 
ing stress, a continuous deformation results which is, within certain re- 
strictions, directly proportional to the shearing stress. This fundamental 
law of viscous flow is represented diagrammatically by the curve OA in 
Fig. 2. It can be demonstrated that the slope of the curve OA is a measure 
of the fluidity. There is some flow at every shearing stress, but at the smallest 
shearing stresses the time required for a given amount of flow is very great, 
hence pitch, which would require very great stresses to shear it rapidly, 
nevertheless moves continuously so that it loses its shape and takes the shape 
of the containing vessel. 

Solids on the other hand maintain their shape through long periods of 
time, and this is particularly conspicuous in very soft solids like clay which 
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can be very readily and quickly deformed by forces only a little greater than 
those which the material is able to resist completely. This behavior can be 
represented diagrammatically by the curve BC in Fig. 2. vibe distance OC 
represents the shearing stress required to overcome the “yield value” and the 
slope of the curve BC is a measure of the mobility of the plastic material. 

So far as is known at present these properties are probably independent 
of the dimensions of the instrument in which they are measured, but there 
are some discrepancies and much more work is needed on this phase of the 
subject. The yield value and the mobility are properties which appear to be 
entirely independent of each other, so that it is not likely that any attempt 
to combine them in such a way that the plasticity can be represented by a 
single numerical quantity, will meet with success. Plasticity, hardness, malle- 
ability, ductility are therefore properties which, when applied to soft solids, 
are complex and cannot be properly represented by a single numerical quan- 
tity; but they can be defined and measured with precision in terms of yield 
value and mobility. Thus there are different kinds of hardness. A _ solid 
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Fic. 2.—Viscous and plastic flow. 


having a low yield value and a low mobility possesses an entirely different 
kind of hardness from one which possesses a high yield value combined with 
a high mobility. The former would appear to be the harder under a heavy 
blow of very short duration while the latter would show the greater hard- 
ness under a light load applied for a long time. 

It is most unfortunate that the viscosities of colloids recorded in the lit- 
erature were for the most part made at one shearing stress only, so that 
the yield value and mobility cannot be calculated without further experimental 
work, But if further work will give us an insight into the properties of 
all sorts of solids which was completely denied as long as “apparent vis- 
cosities” alone were considered, we need waste no time in vain regrets, but 
rather rejoice in the hope that new experiments will prove more fruitful, 

Reverting to Fig. 2, we know that the curve OA is linear only under 
certain limitations and when certain important corrections are made for 
kinetic energy losses, end effect, slippage, etc. The curve applies only 
to linear as distinguished from turbulent flow. In the case of the curve BC, 
for plastic solids there are also certain corrections and limitations; but our 
knowledge of plastic flow is so recent that the nature of these corrections 
and limitations has as yet been very imperfectly formulated. In some of our 
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experiments the curve has appeared to be quite linear whereas in others it 
has appeared to be linear only at the highest shearing stresses. At very small 
shearing stresses—far below the yield value as found by extrapolation— 
there is often some small deformation. When we have a heterogeneous 
material consisting of fine solid particles suspended in a very fluid medium, 
we should expect the medium to filter through the mass as a whole, hence a 
correction for seepage is called for. Even in the case of the hard metals 
we know that Hooke’s Law is not fully obeyed so that continuous deforma- 
‘tion takes place very slowly, at loads far below the yield value. Up to the 
present the best way to avoid making a seepage correction has appeared to 
be by using stresses so great that the curve BC is linear over a sufficiently 
extended range so that extrapolation can be made with safety. As our knowl- 
edge is amplified it is hoped that the necessary corrections may be made 
directly. In this general survey no attempt will be made to acquaint the 
reader with the different forms of apparatus for the measurement and cal-. 
culation of the yield value and mobility, but assuming that we have available 
these two fundamental properties, how can they be utilized to advantage? 

It has already been shown how hardness may be regarded in an entirely 
new light when it becomes customary to express it in terms of yield value 
and mobility. The plasticity of clay, lime, plaster, road building materials 
is obviously important and should be capable of measurement, and probably 
it can be measured in each of these cases in terms of yield value and mobility. 

Lord Kelvin held the view that elasticity of shape is exclusively a prop- 
erty of solids. When a body is subjected to shearing stress, it is tmmedi- 
ately deformed and an opposing stress developed, so that energy is stored 
up within the body. The greater this deformation the greater the elasticity 
and the smaller the reciprocal rigidity. If on removing the shearing stress 
all of the energy used in producing the elastic deformation is recovered, the 
body is said to be perfectly elastic. If some time elapses before the shear- 
ing stress is removed, viscous or plastic flow takes place and the strain 
originally existing as elastic deformation becomes permanent with a dissipa- 
tion of the corresponding energy as heat. What Lord Kelvin called imper- 
fection of elasticity we should now call simply plastic flow. His view that 
liquids cannot have elasticity of shape is confusing and unnecessary. Glass, 
for example, is generally regarded as an undercooled liquid and yet it is gen- 
erally regarded as highly elastic. As a matter of fact we are forced to 
regard elasticity as a property which is entirely independent of fluidity or 
plasticity. Nevertheless elastic and plastic or viscous deformations are often 
associated together so that they should be distinguished the one from the 
other. This is fortunately very easy, for elastic deformations are inde- 
pendent of the time factor upon which the others depend. To measure the 
elastic deformation in either solids or fluids it is necessary to choose a time 
before the energy stored up as elastic deformation has had time to dissipate 
itself appreciably either as viscous or plastic flow. 

While in the above example, a knowledge of the character of plastic 
flow was necessary in order to distinguish the elasticity which is entirely in- 
dependent from plasticity, we may now consider briefly a few properties 
which are closely dependent upon plasticity. 

The property of melting point when applied to colloids seems not to be 
very highly regarded, on the assumption that colloids do not have a definite 
melting point capable of determination; yet in spite of this a large number 
of melting point methods have been devised which are in constant use, and 
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it is known that a given method will often give values agreeing to a few 
tenths of a degree. (ae 

Two different principles? have been made use of in the determination of 
the melting point. According to the one, the cooling curve is obtained and 
the melting point located by the breaks in the curve. According to the sec- 
ond, observations are made of the temperature at which the material flows in 
a specified manner. Reference may be made to a few out of the great variety 
of methods which have been suggested. ; 

(a) In the classical method, flow is produced by surface tension assisted 
by gravity; but when the melted substance has a very high viscosity or pos- 
sibly a yield value, it is difficult to determine when the melting begins. For 
butter, Wiley used discs floating between layers of alcohol and water. 

(b) Usually gravity alone is depended upon to exert a shearing stress. In 
the method of Pohl, the material adheres to the bulb of a thermometer and 
as the substance is heated the melting point is taken as the temperature at 
which the first drop falls from the thermometer. In the method of Herold, 
the material is placed in a thin glass tube and allowed to solidify around a 
thermometer. As the system is warmed, the melting point is taken as the 
temperature at which the material separates from the thermometer. In the 
ball and ring test the weight of the ball exerts a shearing stress upon the 
material supported in the ring. 

(c) The Saybolt method depends upon the buoyant force of water acting 
upon wooden pins which are held in place in holes in a brass plate by means 
of the solid whose melting point is required. 

(d) Thus far no one seems to have used plasticity measurements for the 
determination of the melting point. 

Theoretically we should expect a mixture of two simple substances A 
and B to begin to melt as soon as the eutectic point or temperature of in- 
cipient fusion is reached. On further heating, the hard material will be- 
come soft but it will remain plastic if one of the components (B) is present 
in excess of the eutectic mixture, there being present a suspension of B in a 
saturated solution of B in A.* As the temperature is raised the solid phase 
will gradually disappear, and at the temperature of complete fusion the yield 
value which has been gradually decreasing will entirely disappear, and the 
plastic solid will become a viscous liquid. There are therefore two transi- 
tion temperatures and these are very sharply marked in the plasticity curves 
plotted over this range of temperature. 

As the temperature of a solution is lowered we should expect to find 
the same temperatures in reverse order but now called the temperature of in- . 
cipient solidification and of complete solidification, and numerous methods 
have been proposed for getting the setting point without usually stating 
whether one of the above temperatures or some other is being determined. 
As a matter of fact the methods in use for both melting point and setting 
point, use widely different shearing stresses: hence we should not expect 
them to locate the temperature of complete solidification where the yield value 
is very great, or the temperature of complete fusion where the yield value is 
very small; and since there is a wide difference in the shearing stresses 
employed in the various methods, we should not expect the different methods 
to agree with each other. This expectation is so fully realized that Lewko- 


; * This seems to justify the view that in metals we frequently meet the colloidal state: for in 
quickly chilled metals the suspension of B may contain many particles of colloidal dimensions 
Even where larger particles have been formed, colloidal dispersion must again be met in the reverse 
process of fusion. A 
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witsch * says, “A table in which the various melting points (of fats) were 
set out would show so glaring a disagreement between various observers, 
that for practical purposes I consider it useless to collate the numbers here,” 

Perhaps the most serious difficulty in obtaining the two transition tempera- 
tures referred to above, is due to the undercooling and superheating which 
are so frequent in colloidal solutions. . Superheating does not trouble at all 
when dealing with pure substances, and undercooling is not particularly 
troublesome when the fluidity of the melt is high. But unfortunately both 
difficulties have to be faced when dealing with colloidal solutions. The 
plasticity of a well-stirred solution has been observed to change for hours, 
and it may be assumed that the plasticity of a substance like glass will con- 
tinue to change for years. The plasticity method has the advantage over 
the other methods which have been suggested in that the temperature may 
be kept uniform, if desired, until equilibrium is reached. By measuring 


ty 


8 


perature 
See 


Tem 
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Fic. 3.—Temperature-yield value curves of the same solute in different solvents. The 
yield values at a given temperature may be a measure of colloidal “solubility.” 


the yield value and mobility over a range of temperatures it is practicable to 
find the points of discontinuity in the curves. 

We may refer very briefly to one further property which is ordinarily 
supposed not to depend upon plasticity, viz., solubility. It is customary to 
speak of the solubility of emulsion colloids in certain “solvents.” Thus it 
is commonly stated that nitrocellulose is more soluble in acetone than in, let 
us say, butyl acetate; but the nitrocellulose does not form a true solution; 
and if there is no limit to the amount of the nitrocellulose which either 
medium will peptize, then the question arises, “What is meant by saying 
that acetone is the better solvent?” To be sure, the “better solvent’ gives 
a solution having a higher apparent fluidity; but since the solvents differ 
widely in fluidity, this again is not very surprising and it is not very enlighten- 
ing either. 

If one measures the yield value and mobility of dispersions of the same 
nitrocellulose in both media over a range of temperatures, it is found that 
the yield value decreases as the temperature is raised so that at a certain 
temperature characteristic of each solvent, the yield value becomes zero. This 
temperature therefore corresponds to the passage from a plastic solid to a 
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viscous liquid. It therefore corresponds to the temperature of complete 
fusion discussed above. The data obtained show that the mobilities in differ- 
erent media are proportional to the fluidities of the media, but the yield 
values at a given temperature are quite different and it is believed that the 
magnitude of the yield value is a measure of the amount of the colloid in 
the gel condition. The “solubility” is therefore the greater as the yield value 
is smaller. If the curve BC, Fig. 3, represents the temperature-yield value 
curve for a nitrocellulose dispersed in ether-alcohol mixture and the curve 
AD the similar curve in acetone, we would infer that acetone is the better 
peptizing agent at all temperatures. Were the curves BC and AD not parallel, 
as is actually the case, but converging, it would indicate that at some tempera- 
ture the ether-alcohol mixture would be the better “solvent.” 

The cases described will perhaps serve to illustrate the possible uses of 
the plasticity method in working out the theory of colloids as well as in 
furnishing control properties in their industrial application. 
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Consistency * 


By Wrnstow H. Herscuet, 
Associate Physicist, U. S. Bureau of Standards, Washington, D. C. 


1. INTRODUCTION 


It is generally considered that there are three states of matter, gaseous, 
liquid and solid, but it is often difficult to distinguish between liquids and 
soft solids. The distinction between a liquid and a soft solid is often drawn 
on a basis of what is termed consistency. It is not necessary to speak of the 
consistency of gases since all gases may be readily recognized as such. Nor 
is the term consistency necessary for materials hard enough to be tested by 
the methods employed in determining the hardness of metals. 

How many factors determine consistency is still-a matter of controversy, 
but the colloquial meaning of the word is well understood and may be illus- 
trated by the description, from a recent novel, of Flanders mud after a 
thaw. “As the flow of water increased, the sides of the trenches began to 
fall in; the earth thus mixed with the water thickened it to a consistency 
which might be likened to very rich soup.’ Expressed in more scientific 
language, by the addition of earth to water its consistency is changed from 
viscous to plastic. 


2. Tue Distinction BETWEEN VISCOUS AND PLastic MATERIALS 


Viscosity is defined by the force which will move a unit area of plane 
surface with unit speed relative to another parallel plane surface from which 
it is separated by a layer of the liquid of unit thickness. An equivalent 
definition of viscosity is the constant ratio of shearing stress to rate of shear. 
In first suggesting the term poise for the cgs unit of absolute viscosity, 
it was pointed out by Deeley and Parr + that in the case of a soft solid or 
plastic substance the “so-called viscosity” is not the same for all rates of 
shear, whereas the viscosity of a liquid is a constant and should be named. 
In the present paper this “so-called viscosity” will be referred to as the 
apparent viscosity. A material will be considered plastic if the apparent vis- 
cosity (the ratio of shearing stress to the rate of shear ) | varies with the 
rate of shear, and will be considered viscous only when this ratio is found 
to be constant. pei gh ot aa 

The cgs. unit of absolute viscosity 1s known as the poise, the centipoise 
being one hundredth of a poise. The reciprocal of the absolute viscosity is 
known as the fluidity. Under certain circumstances the ratio of the abso- 
lute viscosity to the density in grams per cubic centimeter is an important 
quantity and is called the kinematic viscosity. 

* Published by permission of the Director of the Bureau of Standards of the U. S. Department 
of Commerce. 
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It has been found for true liquids that within the limits of experiment 
and at ordinary rates of shear, the ratio of shearing stress to rate of shear 
for a given temperature and pressure is constant. [ven at abnormally low 
rates of shear there is little or no evidence of a variation in this ratio in 
tests of homogeneous materials? Hence in tests of such materials, a varia- 
tion in apparent viscosity must be taken as indicating experimental error.® 
In tests of other materials, a variation in the apparent viscosity * should be 
taken as an indication that the materials are plastic. Since with a viscous 
material the ratio of shearing stress to rate of shear is a constant, viscosity 
can be expressed by a single numerical value, but the consistency of a plastic 
material must be expressed by an equation or other means which completely 
defines the variable relation between rate of flow and the force which pro- 
duces it. 

It is to be expected that true solutions and mixtures of miscible liquids 
will be viscous, but that mixtures of a liquid with a powder or finely divided 
material will be plastic, if of sufficiently high concentration. In cases of doubt 
tests are necessary, the essential requirement being that successive trials 
should be made at different rates of shear. The standardization of the rate 
of shear, as has been proposed,® may enable different laboratories to obtain 
the same numerical results, but the complete relation between the rate of 
flow and the force which produces it cannot be obtained by a single test. 
Two different plastic materials which show the same apparent viscosity on a 
single test would not necessarily have the same consistency. 

If one plastic material had a high “yield value” and high “mobility” and 
another had lower yield value and lower mobility, they might show the same 
apparent viscosity on a.single test, but would not have the same consistency. 
The terms yield value and mobility will be explained later in the section on 
measurement of plasticity, but it is necessary first to consider the simpler case 
of the measurement of viscosity. 


3. Tue MEASUREMENT OF TRUE VISCOSITY 


In torsional instruments of the constant deflection type, like the Mac- 
Michael,* the liquid is placed in a cup which rotates at constant speed, caus- 
ing the deflection of a torsional pendulum whose bob is immersed in the liquid. 
In other rotary instruments the outer cylinder is still and an inner cylinder is 
revolved by means of a weight, or weights. The Stormer is the best known 
instrument of this type. 

Comparatively few experimenters who have used a torsional or other 
rotary viscometer have apparently been aware of the distinction between 
viscosity and plasticity, and it is the failure to make this distinction to which 
must be largely attributed the confusion in regard to consistency with which 
the colloid chemists are now struggling.*’ Exceptions to this rule are Hatschek 
whose work will be considered later, and Perrott and Thiessen ® who ob- 
served, by varying the speed of a MacMichael viscometer, a variation in the 
apparent viscosity of a mixture of linseed oil and lampblack with a varia- 
tion in speed. 

In the efflux method the time is measured for a given volume to discharge 
through a short tube or capillary. As this method has been most thoroughly 
investigated for the measurement of consistency, both viscous and plastic 
attention will be confined to the methods of calculation employed with this 
method. The fundamental equation for the flow through a capillary tube, as 
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a determined experimentally by Poiseuille and amplified by Couette ® and 
others, 1s 


ics ngd*Pt — —s-meQ (1) 
Nerw280 (Sed) mtn OMAK): 
where ,t = viscosity in poises 
d and | = diameter and length of capillary in centimeters 
“= rate of flow in c.c. per second 


g = acceleration of gravity = 981 cm. per sec.? 

P = average difference in pressure, in grams per cm.”, between the two 
ends of the capillary = ph when produced by a head h in centi- 
meters of liquid of density p in grams per c.c. 

m = coefficient of kinetic energy correction 

i = difference between the measured and effective length of capillary = 
Couette correction. 


The coefficient m may be taken as 1.12 for long capillaries with submerged 
discharge and as 1.00 for technical short tube viscometers with free discharge. 
The corresponding values for the Couette correction are 0.8 d and 0.5 d. 
Errors due to inaccuracies in the selected values of m and 4 may be made 
negligible by using long capillaries and low velocities of flow. 

A common error is to neglect the kinetic energy correction entirely and 
to assume that the viscosity is proportional to the time of flow. A more 
serious error is to use too short a capillary so that the flow is turbulent. It 
is usually assumed that there will be no turbulence if 


ne < 2000 (2) 


where wv is the average velocity of flow in centimeters per second. The con- 
stant, 2000, is approximately correct for long tubes, but has a lower value for 
short tubes. For tubes of seven diameters in length, as in the Engler and 
Saybolt Universal viscometers,’® it is about 800, and according to Sheely ** 
the value is approximately 1200 for a capillary 30.5 diameters in length. The 
exact law of variation of critical velocity with dimensions of capillary is not 
known. 

Now if w is calculated from Equation (1) for tests at more than one 
rate of flow, and a constant value is obtained, then wp is the viscosity of the 
liquid at the temperature of test. If however p is found to vary with the 
rate of flow, but a constant value is obtained at any one rate, the material 
must be plastic. It then requires more than one numerical value to express 
the consistency (plasticity) of the material. 


4. Tur MEASUREMENT OF PLASTICITY 


With viscous materials the slightest pressure, P, will produce flow, although 
the rate of flow may be very slow with low pressures applied to very viscous 
materials. With plastic substances (according to the simplest theory which 
seldom if ever applies without complications) the flow is proportional to 
the pressure in excess of a certain minimum pressure p called the yield value, 
which is required to start the flow. Bingham* first gave the following 
approximate equation for flow of a plastic material through a small tube. 
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1 __ xgd4t(P —p) 3) 
Timms V316): 


where M is the mobility and the kinetic energy correction has been omitted 
because ordinarily negligible. The Couette correction has been omitted be- 
cause its value cannot be estimated, although, as will be seen later, it is not 
always negligible. It will be noted that if the above mentioned corrections 


: : : : 1 
are neglected in Equation (1) and p = zero in Equation (3), then yr el | 


If tests are made of a plastic material with a capillary tube viscometer 
in which the pressure can be varied, then if the pressures are all high 
enough, there will be a linear relation between rate of flow and pressure, which 
appears to be in agreement with Equation (3). The graph would differ 
from similar results with a viscous liquid in intersecting the pressure axis at 
a distance p from the origin. Hence the apparent viscosity, represented by 
the slope of a line connecting any point on the graph with the origin, would be 
a variable. 

It will be seen that according to Equation (3) there are two physical con- 
stants which determine the consistency of a plastic material. It is interest- 
ing to note from the work of Bingham and Jacques,** also with paint, that 
the yield value and mobility appear as distinct properties, so that a given 
ingredient may affect one but not the other. 

Bingham observed in testing clay slips as well as paints that there was a 
tendency for the straight graph, indicated by Equation (3), to bend toward 
the origin at the lower end. He attributed this to seepage, and believed 
that the best way to overcome the difficulty was to use high pressures and 
capillaries of small diameter so that the test points would lie in the straight 
portion of the graph. It was found however by Green,* by microscopic 
observations on the flow of paint in capillary tubes, that at low pressures 
the material in the capillary moved as one solid plug, and that at higher 
pressures the paint moved “in telescopic layers, the inner ones at a much 
higher velocity than the outer ones.” 

Green’s observations lead Buckingham* to correct and modify Equa- 
tion (3), thus obtaining the equation 

Q_ xgd*M 4 be wd*eqP 

a in23) (P—3o+ 5) sic (4) 
The last term takes account of viscous slip at the boundaries, it being assumed 
that there is a very thin lubricating layer of liquid of the thickness ¢ and 
fluidity @ between the plastic material and the wall, and that this layer adheres 
to both the wall and the plastic material. 

Equation (4) indicates that below the pressure p the flow, due entirely 
to slip, increases directly as the pressure. At the pressure p shearing be- 
gins, and the relation between flow and pressure would be shown by a curved 
graph which approximates a straight line at high pressures. Interesting ex- 
perimental confirmation of the existence of these two régimes of flow is 
furnished by de Waele *° who first accepted and afterwards repudiated Equa- 
tion (3) and who ignores Equation (4). 


According to Bingham” it is preferable when : is plotted against P 


to report the intercept on the pressure axis as a yield shear value f which 
may be calculated from the yield value p by the equation 
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| prep el 2) 
where / is the shearing stress at the walls of the capillary, in grams per square 
Rate due to any pressure P, and f is the corresponding value when 

=— 2: . 

Considerable space has been given to the method of expressing consistency 
by yield shear value and mobility because this has been the method most widely 
used in this country.S However, difficulty has been experienced in obtaining 
check results with capillaries of different dimensions, especially with emul- 
soids.*** Exponential equations for the relation of flow to pressure were early 
proposed by Nutting, de Waele and others, but it is only within the last year 
that exponential equations have been used to any great extent.'®° It is as yet 
impossible to predict which form of equation will survive. In the light of pres- 
ent knowledge, it seems quite possible that any one method or equation for ex- 
pressing the consistency of a plastic material may not have universal application. 
Indeed, each separate class of materials may demand individual treatment. 

It has been found experimentally that the rate of flow in cubic centimeters 
per second is given by 

Gus ki” (6) 
where is a constant of the material, which is greater than unity unless the 
material is viscous, and k is an unknown function of another constant of the 
material and of the dimensions of the capillary. 

Farrow and Lowe '*4 conclude, from tests on starch pastes, that 


al 282 Ge) i) 
where (u) is the second constant of the material, which, like m increases with 
the concentration. This value of k, like equation (6), is purely empirical, 
and no assumption has been formulated from which it could be mathematically 
derived.7® 
It was pointed out by Green ** that with stiff paint pastes and small capil- 

laries, flow may not begin until a definite starting pressure has been reached. 
Porst and Moskowitz *** found this to be true also for certain starch pastes. 
With such a paste, the logarithmic flow-pressure graph is convex upward. 
To make equation (6) more general, therefore, it must be modified to 

q=k (P—A)" (8) 
where A is the starting pressure which may be found by direct observation or 
chosen by trial and error as that value which will give a straight graph when 
the logarithm of q is plotted against the logarithm of (P— A). Finally, by 
combining equations (7) and (8), 

EG = 

3s 128¢q 

where (1) and m are two empirical constants which may be used to define the 
consistency of a plastic material. 


5. DrrFICULTIES IN MEASURING THE CONSISTENCY OF PLASTIC MATERIALS 
AND Sort SOLIDS 


As has been mentioned, seepage may be a cause of difficulty in measur- 
ing plasticity by the capillary tube method. According to Hall’® a similar 
trouble is experienced with the MacMichael viscometer as tests of clay slips 
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were not reproducible, due to what might be called a “puddling effect.” The 
material immediately surrounding the pendulum bob changes in consistency 
as the stirring continues. : 

There appears to be no reason for assuming that the slipping which takes 
place at low pressures in a capillary tube does not continue after the telescopic 
flow has commenced, so that there is flow of both kinds simultaneously at 
high pressures, according to Equation (4). On the other hand Equation (3) 
could only be justified on the supposition that there was no slipping at high 
pressures. 

The most serious difficulty with the capillary tube method when applied 
to very stiff or hard plastic materials is that due to end effects. In deriving 
Equations (1) and (4) it is assumed that all resistances to flow, outside the 
capillary, are negligible, and in many cases this is entirely justifiable. There 
is little difficulty in using a capillary long enough to render A negligible in 
Iiquation (1). Equation (4) gives satisfactory results when applied to tests 
with clay slips and paints which appear to be liquid but are in reality plastic, 
as may be proved by test, but this equation fails completely for stiff clays 
and fats, even when the consistency is not changed in passing through the 
capillary. 

In a passage often quoted to distinguish a plastic from a viscous substance, 
Maxwell ?° implies that all plastic materials are elastic at stresses below a 
certain value, for he says, “if the form of the body is found to be perma- 
nently altered when the stress exceeds a certain value, the body is said to be 
soft or plastic, and the state of the body when the alteration is just going 
to take place is called the limit of perfect elasticity.” 

The elasticity of materials possessing both elastic and viscous properties 
has been investigated by a few experimenters, but there is no general agree- 
ment as to the best method to employ. The subject has been investigated 
mathematically by Butcher,?* but unfortunately he made no tests and gives 
only the one example that when the stress exceeds the elastic limits of some 
of the molecules, metals are elastico-plastico-viscous, and they partially re- 
cover from deformation if stressed for a short time. 

Barus *” by tests with a capillary tube and Michelson ** by tests on cylin- 
drical rods in torsion, have observed elastic effects in soft or plastic solids. 
Perhaps the most striking tests are those of Schwedoff** with a torsion 
viscometer. He found that if the stress was slight enough and not too long 
prolonged, a solution containing only 5 grams of gelatine to 1 liter of water 
was perfectly elastic, but glycerine and sugar solutions showed only the phe- 
nomena of viscous liquids. Glycerine and sucrose solutions are recognized 
standards of viscosity, but as will be seen later, gelatine is a colloidal mate- 
rial which is typical of the class which, in high enough concentrations, form 
an elastic jelly. According to Schwedoff “the higher the elastic limit, the 
more perceptible is the variation in viscosity. Viscosity is not constant except 
for the liquids which show no trace of elasticity in shear.” It should be 
remembered that Schwedoff speaks of apparent viscosity simply as viscosity. 


6. Binary Systems 


When a material is very finely divided and is in permanent suspension 
in a solid, liquid or gas (the dispersion medium), the heterogeneous mixture 
is called a dispersoid. Omitting the case of a mixture of gases as not a 
true dispersoid, there are the 8 possible types of dispersoid shown in Table I. 
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TABLE I 
Types oF DispERSsoIps 
Type Disperse Dispersion 
No. Phase Medium Example 
1 Solid Solid Ruby glass 
2 = Liquid y Water of crystallization 
oe Gas 3 Meerschaum 
4 Solid Liquid Metals in colloidal state 
5 Liquid E Emulsions 
GmeGas ss Foam 
7 ~=Solid Gas Smoke 
8 Liquid s Clouds 


A colloidal solution may be somewhat arbitrarily defined as a dispersoid 
in which the diameters of the particles lie between 0.0001 and 0.000001 milli- 
meter (usually written 0.1 uw and 1.0 wu). Mixtures with larger particles 
would be called coarse suspensions and smaller particles would be found in 
molecular solutions. Colloids, as for example albumen or gum arabic, have 
a slow rate of diffusion, while crystalloids, such as sodium chloride or hydro- 
chloric acid, diffuse more rapidly into pure water. The former may be 
separated from the latter by the process known as dialysis, by means of a 
membrane or “ultra filter” through which crystalloids pass easily but colloids 
will not pass. 

It must constantly be remembered in reading works on colloidal chemistry 
that the distinction between viscous and plastic materials has not generally 
been recognized, although as pointed out by Hardy,”® the matter has been 
occasionally discussed since 1851. 


“I ventured to point out in 1899 (The Jour. of Physiology, 24, 180) that the high 
viscosity of colloidal solutions is probably of complex origin and that its magnitude 
is very imperfectly analyzed by ordinary methods of measurement. If colloidal solutions 
are heterogeneous states of matter, the viscosity as measured by the flow in capillary 
tubes will be in part due to the influence of the friction of internal surfaces on the 
fluidity—a point which as I then drew attention to, was discussed as early as 1851 by 
Frankenheim (Jour. f. prak. Chem., 54, 433). Transpiration methods measure fluidity, 
and this will only be simply related to the true molecular internal friction in homogeneous 


fluids.” 


Hardy does not have in mind the variable pressure methods described in 
the section on plasticity, since in the “ordinary methods of measurement” 
with capillary tubes, observations are made at only one pressure. It was 
impossible by such methods to determine whether a material was viscous or 
plastic, and it is only in rare cases when an experimenter recorded whether 
or not the apparent viscosity varied with the rate of shear, that it is possible 
to ascertain whether the material which he was testing was plastic or viscous. 

According to Clayton,?* who makes no distinction between viscosity and 


apparent viscosity, 


“The position regarding the viscosity of emulsions from a quantitative point of view 
is far from satisfactory, very little work having been done in this connection. Dilute 
two phase emulsions show a viscosity not much greater than that of water. Viscosity 
increases rapidly as the volume of the dispersed phase increases, but in this case of 
course, there arises the new factor of the presence of the emulsifying agent.” 


3ingham 27 regards it as probable that viscosities in emulsions are addi- 
tive, but it is difficult to reconcile this rule with the fact that the apparent 
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viscosity of an emulsion has been found to depend upon the size of the 
particles. Buglia,?® for example, found that the apparent viscosity of milk 
is increased by the process of homogenization, which decreases the size of the 
fat globules, but the apparent viscosity of skimmed milk was unchanged by 
the process. According to Alexander *® there appears to be with each dis- 
persion a zone of maximum colloidality, above which apparent viscosity de- 
creases with coarser subdivision (about 100 py) and below which it also 
decreases as molecular dimensions are approached (about 5 ww). 

It does not appear possible without more experimental data than have yet 
been published, to classify colloids strictly according to their consistency. A 
convenient classification, almost entirely on a physical basis, has been given 
by Burton *° and this has been followed in the discussion below. 

Colloidal solutions are divided into two main classes, which may be called 
emulsoids and suspensoids, although various other names are in use. The 
former are reversible, i.¢e., they may, like gelatine, be dried and redissolved 
in water without destroying the colloidal state. In one class of colloids, in- 
termediate between the two main classes, the stability depends upon some 
emulsoid acting as a “protecting colloid’ which seems to prevent the particles 
of a suspensoid from coalescing into larger masses. For example the eggs 
or gelatine in ice cream or gum arabic in “gum drops” furnishes the protective 
colloid. 

The suspensoids are non-gelatinizing, 1.e., they do not form a solid jelly 
with water, and (except when accompanied by a protective colloid) may be 
divided into the following four classes: 

1. Irreversible and with low content of disperse phase. This class is 
represented by soaps and dyes and by Bredig’s sols, which are metals brought 
into the colloidal state by the electric current. 

2. In class 2 (and also in class 3) the stability depends upon a trace of 
salt absorbed by the colloidal particles, as indicated by the fact that coagula- 
tion is produced if the salt is removed by dialysis. There is a high content of 
disperse phase and a precipitate or residue cannot be redissolved and changed 
back into the colloidal state. Globulin and ferric hydrate belong to this class. 

3. “Peptized colloids.’ Colloids of class 3 may be prepared by the process 
of peptization, in which a moist coagulum is redissolved. Dialyzed egg 
albumin and various oxides and sulphides belong to this class. 

4. The colloids of class 4, of which Cassius’ purple is an example, are 
composed of reversible particles which are themselves composed of two 
different kinds of irreversible colloidal particles in definite proportion. 

It has been so often shown that the apparent viscosity of emulsoids varies 
with the rate of shear that there can be no doubt that emulsoids are plastic 
when of high enough concentration and of sufficient age. Garrett 4 found 
that the apparent viscosity of gelatine, as measured by the oscillating disk 
and by the efflux method, in which the rates of shear were probably differ- 
ent, failed to agree, which indicated that the gelatine solution was plastic. 

Hatschek ** found with a rotary viscometer that the deflection was not 
proportional to the speed, as it is with viscous liquids when there is no 
turbulence, and that “gum arabic and gelatine sols” had different apparent 
viscosities at different rates of shear below certain limits. The limitation, 
“below certain limits,” is necessary because it is only at low rates of shear, 
when the resistance to the yield value is considerable in proportion to that 


1 nA ga So 
due to Wi that the variation in apparent viscosity is noticeable.3 
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Very little is known concerning which suspensoids are viscous and which 
plastic. When the content of the disperse phase is low, or it is stated that 
the viscosity is but slightly greater than that of the dispersion medium, it 
might be expected that the solution would be truly viscous. On the other 
hand, where the content of the disperse phase is high, as in class 2, there 
would be more probability that the solution would be plastic, at least at some 
concentration. 

Garrett’s work also indicates that silicic acid, a colloid of class 2, and 
albumen, one of class 3, are plastic. With silicic acid as with gelatine, the 
oscillating disk method gave the higher values of the two methods, even when 
the apparent viscosity of the silicic acid “was not much greater than water.” 
Tests on albumen were made before and after boiling, with results as given 
in Table II. 


TABLE II 
TrEsTs BY GARRETT OF THE CONSISTENCY OF ALBUMEN 
Before Boiling After Boiling 
Byndisiktmethody. saneesadsiente males .2278 .2032 
Bivaneiil Uxatmethodaye nia. crak herders sicsemieaeree 1250 1851 


Garrett, who believed his results confirmed the foam cell theory of Quincke,** 
concluded that continued boiling destroys the cells and a solution then behaves 
like a homogeneous fluid. It would be necessary to determine the yield value 
and mobility of these colloidal solutions, rather than a single numerical value 
supposed to represent the “viscosity,” in order to determine even roughly the 
effect of boiling. 

Almost every book on colloid chemistry contains the equation, given with 
slight variations by Einstein *° and by Hatschek,** from which it is supposed 
to be possible to calculate the viscosity of a suspensoid. It does not apply 
to an emulsoid because based on the assumption that the particles are rigid 


spheres. 
Mo = o(1 + mf) (8) 


where UU, = viscosity of the suspensoid 

Uy = viscosity of the medium 

f = ratio of aggregate volume of solid particles to total volume of 
suspensoid. 


The coefficient m was first given by Einstein as unity, and afterwards in 
correspondence with Bancelin*” he gave it as 2.5 without explanation as 
to how this value was obtained. Bancelin himself found an experimental 
value of 2.9. Hatschek at first gave a value for m of 4.5. 

Einstein applied his formula to a 1 per cent sugar solution, but found 
that the increase in viscosity due to the sugar was four times as great as 
calculated, and concluded that “this result can only be brought into accord 
with the molecular theory by assuming that the sugar molecule decreases 
the fluidity of the immediately adjacent water so that a volume of water, about 
three times the volume of the sugar molecule, is linked to it.” 

Even more conclusive is the work of Humphrey and Hatschek ** in show- 
ing that Equation (8) is of little practical value because based on the false 
assumption that Stokes’ law of spheres falling through a liquid is applicable. 
In order to get particles roughly spherical in shape, they used rice starch sus- 
pended in a mixture of carbon tetrachloride and toluene. Using a torsional 
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viscometer, it was found that the apparent viscosity increased as the speed 
decreased, but at any rate of shear the apparent viscosity increased more 
rapidly than the aggregate volume of the suspended matter. “The general 
conclusion is that the assumption on which the Einstein-Hatschek formula 
is based, viz., non-interference between adjoining particles, is not tenable in 
the case of suspensions containing between 2 and 6 per cent of suspended 
matter.” 

It would therefore appear that the consistency of suspensoids is a matter 
for experiment rather than for mathematical calculation, always remembering 
also the possibility that such suspensoids may be viscous at some concentra- 
tions and plastic at others, that they may change in consistency with time 
and that they may also change in consistency from a break down in struc- 
ture due to shearing in the test itself. 

Hatschek *® has proposed as a measure of the rate of shear, when com- 
paring tests made by concentric cylinders and by efflux, the shear gradient, 
or change in rate of shear between the point where the rate of shear is zero 
and where it is maximum. It would appear preferable to use the mean rate 
of shear, since there is not a uniform change from one point to the other. 
At any rate, while results with rotary and with efflux viscometers may be 
said to agree satisfactorily when testing truly viscous materials, sufficient 
data are not available to attempt a reconciliation between the two test methods 
when applied to plastic materials. First will it be necessary to obtain con- 
cordant results, independent of the dimensions of the instrument, something 
which has not yet been accomplished by any method. 


7. SUMMARY 


1. Much confusion has resulted in colloidal chemistry from the failure 
to distinguish between a plastic and a viscous material, as may readily be done 
by an instrument with which the rate of shear in the material under test may 
be varied at will. 

2. The consistency of a plastic material cannot be expressed by a single 
numerical value. If the apparatus has been standardized and a standard rate 
of shear adopted, concordant values of apparent viscosity may be obtained 
in different laboratories, but two materials which showed the same apparent 
viscosity on test would not necessarily have the same consistency. The con- 
sistency of a plastic material must be expressed by an equation or other 
means which completely defines the variable relation between rate of flow 
and the force which produces it. 

3. With stiff clays and fats the end effects in efflux instruments are ex- 
cessive, and no method has yet been found to evaluate or eliminate these 
effects. Therefore the consistency of such materials cannot be expressed by 
constants of the material which are independent of the dimensions of the 
instrument. 

4. Emulsoids are plastic, but sufficient information is not available to 
classify suspensoids according to their consistency. 
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The Viscosity of Colloidal Solutions 


By Emit HarscuHek, F. Inst. P., 


Lecturer on Colloids at the Sir John Cass Technical Institute, London 


The changes of viscosity which manifest themselves in ageing gel-forming 
sols are so striking that it is not surprising they should have attracted the 
attention of Thomas Graham. In a paper on “The properties of silicic acic 
and other analogous colloidal substances,” published in 1864 in the Journa 
of the Chemical Society, he writes: “The flow of liquid colloids through < 
capillary tube is always slow compared with the flow of crystalloid solutions 
so that a liquid-transpiration tube may be employed as a colloidoscope.’ 
While the statement in its general form can no longer be applied to all the 
systems which have come to be recognized as colloidal solutions, it is stil 
true of the emulsoid or lyophilic sols with which Graham was chiefly con. 
cerned; even the term colloidoscope is still appropriate, since in the majority 
of cases the results of viscosity measurements are qualitative rather thar 
quantitative, 1.¢., they offer a delicate means of tracing changes the nature 01 
which is not necessarily unambiguous. 

The following pages attempt to give a general view of the present state 
of theory, and a brief survey of experimental results establishing relation: 
between viscosity and other properties. [‘xperimental methods have receivec 
attention only in as far as they have had to be adapted to the special problem: 
encountered in the investigation of disperse systems. 


THEORY 


The first analytical treatment of the case of an ideal suspension is due tc 
A. Einstein.1 He assumes the suspended particles to be rigid spheres, having 
a diameter small in comparison with the distances between the spheres, bu 
large compared with the dimensions and distances of the molecules of th 
liquid, and from the fundamental equations of hydrodynamics? deduces th 


relation: 
W = n(1 + 2.5f) @ 


in which 1’ = viscosity of suspension, 1 = viscosity of dispersion medium, anc 
f is the ratio: aggregate volume of solid particles/volume of suspension. 

The viscosity of a suspension accordingly increases in linear ratio with th 
percentage of suspended solid and is independent of the degree of dispersity 
since the diameter of the particles does not appear in the equation. 

It is at once obvious that experimental verification of Einstein’s formula i 
by no means a simple matter. The ratio f in typical suspensoid sols is of th 
order 10° to 10%, so that the differences in viscosity are smaller than the ex 
perimental error; in the majority of cases the particles are not spherical, and 
lastly, the formula involves a volume relation, while all that is generally know1 
is the weight of disperse phase. It will therefore be sufficient to quote thre 
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attempts at verification, made in conditions which conform to some extent 
with the assumptions made in deducing the formula. 

M. Bancelin measured the viscosity of gamboge and mastic suspensions 
made by Perrin’s method,* containing microscopic particles of spherical shape. 
He found the viscosity, for equal values of f, independent of the radius, and 
linear increase of viscosity with concentration up to 3 per cent, with a pro- 
_portionality factor of 2.9 instead of 2.5. 

A much larger range is covered by S. Odén’s measurements on sulphur 
sols * with concentrations up to 40 per cent by weight. Two sols were investi- 


Fic. 1—Hatschek’s modification of Couette’s apparatus. 


gated: one, A, having submicroscopic particles about 100 we diameter, while 
the other, B, was amicroscopic, the diameter of the particles being estimated 
at 10 wu. The particles may reasonably be assumed spherical, but there is 
some uncertainty regarding their volume. Assuming the density to be 2.0, the 
increases in viscosity (water = 1) for the concentrations investigated are as 


follows: 


Volume of Disperse Increase in Viscosity Ratio 
Phase, Per Cent A B B: A 
os Obn endo Gas Da CT aye ners 0.20 0.30 1.50 

AOE i conan OMI DOS MIAO aor 0.50 0.72 1.44 

[SRNR crt ates cottars agave eo shoo) us 1.00 1.38 1.38 

QO eee Re tier terse els, widaiee es 1.75 2.63 1.50 


In this insctance the formula fails in two respects: not only is the increase 
in viscosity much greater than linear, but the sol with smaller particles (B) 
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shows a higher viscosity throughout, for a given concentration, than_ the 
coarser sol. The latter discrepancy can be reconciled with the formula if the 
assumption is made that the particles carry a layer of liquid with them, the 
thickness of which is the same for both sizes, so that the effective volume of! 
the smaller particles is thereby increased much more than that of the larget 
ones (E. Hatschek*). A simple calculation gives the thickness of the layer 
in the present instance as 0.82 wy, a value which is quite probable.® 

Both Bancelin’s and Odén’s measurements were carried out with the capil 
lary viscometer and involve the assumption, which a priori appears quite prob- 
able, that suspensions of these types obey Poiseuille’s laws or, in other words 
that their viscosities are independent of the rate of shear. This point wa: 
tested in investigation by Edith Humphrey and E. Hatschek* carried out ir 
the latter’s modification of Couette’s apparatus. 


Fic. 2.—Viscosity-shear-concentration surface of rice starch suspension. 


This apparatus (Fig. 1) consists of a hollow cylinder A, which is supported by < 
wire, B, from a heavy bracket C. The cylinder A is open and bevelled at the ends anc 
is coaxial with an outer cylinder D. To eliminate the complicated end effect, two shor 
guard cylinders E and EF’ nearly closed at one end, are placed opposite the open ends 0: 
cylinder A, leaving a clearance of about 2 mm. between the bevelled surfaces. The oute: 
cylinder D is bolted to a table F, which can be rotated by suitable gearing. When th 
apparatus is filled with liquid and the outer cylinder rotated, a layer 0.5 cm. deep i 
sheared between the concentric cylinders. The deflection of the suspended cylinder i 
read by a mirror G and telescope. This deflection is proportional to the product: angula: 
velocity X viscosity. 


The suspension investigated was one of rice starch in a mixture of toluen 
and carbon tetrachloride having approximately the same density. The starcl 
granules are not spherical, but polyhedral, and approximately 3 u diameter. 

It was found that the viscosity varied markedly with the rate of shear, st 
that the complete data have to be expressed by a surface. A perspective viev 
of this, for concentrations up to 6 per cent, is shown in Fig. 2. The section: 
drawn in full line are viscosity-concentration curves for constant rates o- 
shear, while the dotted sections are viscosity-rate of shear curves, for constan 
concentrations. The results may be summarized as follows: the viscosity is ; 
function of the rate of shear, and decreases as the rate of shear increases, the 
difference being greater the higher the concentration. For a constant rate o 
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shear, the increase in viscosity with increase in concentration is more than 
linear, and the deviation from the linear law is the greater the higher the 
rate of shear. If small, approximately linear, portions of the viscosity- 
concentration curves are considered, the proportionality factor is 15 to 18, 
instead of 2.5. 

_On the whole, therefore, a linear formula cannot be considered as any- 
thing more than a first approximation. The reasons why it fails have been 
analyzed exhaustively by M. v. Smoluchowski.2 The formula is obtained by 
neglecting the higher terms of a Taylor’s series, the first of which neglected 
terms would already introduce the radius. Furthermore, the electric charge 
on moving particles produces a pseudo-viscous effect (the existence of which 
had already been postulated by Wo. Ostwald at an earlier date). Smoluchow- 
ski calculates a corrected formula, which contains this effect: as an example 
of its magnitude it may be mentioned, that for particles of 300 uy diameter, 
having a potential difference of 0.038 V. against the water in which they are 
suspended, the proportionality factor becomes 5 instead of 2.5. 

A synthetic treatment of the problem of suspension of rigid spheres has 
been given by W. R. Hess.?° He considers flow in a capillary and assumes an 
ideal arrangement of the spheres, which leaves the whole of the liquid cross 
- section available for the flow. This leads to the formula: 


(2) 


in which. the symbols have the same meaning as in equation (1). Further 
consideration shows that the whole cross section left free by the spheres cannot 
be considered to be flowing, but that there are regions of stationary liquid 
surrounding the particles. This is taken into account by introducing instead 
of f a “functional” volume af, the factor a being always > 1, and varying with 
the experimental conditions. The actual formula thus becomes 


pee 
ioe ae, (3) 

It will be noticed at once that this equation is not linear and that, by suitably 
varying the factor a, it can be made to fit viscosity-concentration curves of 
the ordinary type closely. Hess himself tested the formula on suspensions of 
red blood corpuscles up to 78.8 per cent concentration (f = 0.788) and found 
the value of a@ to vary between 2.50 and 1.16. The example is not particu- 
larly relevant, as red blood corpuscles are far from being either spherical or 
rigid, and it will be shown below that they can be treated as being almost 
perfectly deformable. 

The viscosity of a system of two liquid or, at any rate, easily deformable 
phases is of even greater interest than that of a suspension of rigid particles, 
since such systems of two liquid phases, 7.e., emulsions, are known to show the 
very high viscosities which are also characteristic of emulsoid sols. This 
problem, in a severely restricted form, has been treated synthetically by E. 
Hatschek.1! The percentage of disperse phase is assumed to be so high that 
the droplets assume polyhedral shape, the ideal form being the rhombododeca- 
hedron. If the system is sheared, the polyhedra are deformed, and above a 
limiting velocity they may not have time to return to their original shape under 
the influence of the interfacial tension, so that the whole of the shear takes 
place in the layers of continuous phase parallel to the plane of shearing. In 
that case the viscosity / of the emulsion is given by the formula: 


(5 ae Se 
uf es 
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ul 
W =o (4) 
| =¥7 
where n is the viscosity of the continuous phase, and f the ratio: volume of 
disperse phase/total volume. , 
It will be noticed that this formula bears a general resemblance to Hess’s 
equation (3), and the two are identical, provided 


af =4/f, ie, a= 1/yP 

It has been shown by Hatschek that this condition is satisfied almost 
exactly by the suspensions of red blood corpuscles investigated by Hess (Joc. 
cit.). It had been shown previously by J. W. Trevan?* that the viscosity of 
such suspensions, containing up to 90 per cent could be expressed by the 
formula (4) with an error of + 1 per cent, which is of the order of the ex- 
perimental error. 

The evidence afforded by these suspensions is of interest only in so far as 
it shows that systems the disperse phase of which is readily deformable— 
although the shape of the particles is far removed from the polyhedral shape 
assumed to exist initially—exhibit a viscosity-concentration function in good 
agreement with the formula. The polyhedral structure can be demonstrated 
in the case of emulsions (in the strict sense of the word) only, for which the 
formula has hardly been tested (E. Hatschek).** It is purely hypothetical in 
emulsoid sols, in which also the difficulty discussed in connection with Ein- 
stein’s suspension formula, our ignorance of the volume of disperse phase, 
arises in a greatly aggravated form. It is very generally held that the disperse 
phase in emulsoid sols is hydrated or solvated, but so far no general methods 
are available for determining the associated solvent or, what is particularly 
important in the present connection, how solvation varies with temperature 
and with concentration. ‘The discovery of such a method is the greatest 
desideratum of colloid chemistry. Failing it, no real test of the formula (4) 
is possible, and the only thing which has so far been done is to calculate, for 
a series of viscosity measurements, the theoretical volumes of disperse phase 
and, by comparison with the weights of dissolved substance, the solvation 
factors. 

If 7’ is known, the value of f, the phase volume-ratio, is: 


te) ) 


and this volume ratio can then be compared with the known concentration 
by weight. The figures for a number of protein sols are tabulated below: 


Concentration f Ratio 

Sol Weight, Per Cent Per Cent DG 

oe 58.31 9.638 

: SORE LE : 68.63 9.722 
SOChiite CAxSwAe” Goconsocnscose 8.49 79 62 9.377 
9.39 87.87 9.358 

10.57 74.85 6.698 
IDgbredlolyblteale = Aachen oa daue on oun tok 1232 86.06 6.574 
13.20 90.17 6.415 

on oreY 4.585 

& moe : 9.74 4.627 
Pserdoglob ulin mus teiere seh eee 18.45 87 64 4.499 
20.37 92.42 4.272 
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It will be noticed that the phase-volume/weight ratio is approximately 
constant or shows a slight tendency to increase with decreasing concentra- 
tion, 7.e., hydration increases with the latter. This is known to be the case 
also in true solutions, e.g., of sugar, the evidence being derived from osmotic 
pressure data.’ The absolute values of the hydration factors, however, are 
much higher for the proteins: the ratio f{/C is the volume which one gm. of 
dispersed substance + associated water occupies in the sol: thus one gm. of 
euglobulin with the water of hydration occupies an average volume of 6.5 c.c. 
If the degree is expressed as the number of water molecules associated with 
one molecule of protein, the figures become very high, compared with the cor- 
responding ratios in true solutions, e.g., of cane sugar, for which the follow- 
ing figures have been calculated by A. W. Porter: 17 


Grammol. per L. Molecules of Water per 
a0 Gs Molecule of Sugar 
098 Fe eregers eer evn steye ott si tyeiet te METS a te ete se aden heave 53.0 
QO near aot Sc in heae hence tet en aiaes 15.8 
OEZEZ Rarer aera rte ere a iatere eon caste arora a: Shure ensiele 10.3 


The hydration rapidly decreases with increasing concentration. 

S. Arrhenius *® has criticized the figures for the proteins given above, 
partly on the ground that the hydration figures are improbably high, and 
partly from theoretical considerations leading to the conclusion that hydra- 
tion ought to be practically constant, t.e., independent of concentration. He 
applies to the viscosity data for the proteins quoted above, his empirical 


formula: 
loo N= 0G (6) 


where C is the molecular concentration. For substances with very high 
molecular weight this concentration is given with sufficient accuracy by the 
expression : 


100p 
100 — (n+ 1)p 


in which p is the number of gm. of solute in 100 gm. of solution, and n 
the hydration factor, i.¢., the number of gm. of solvent associated with one gm. 
of solute. 

When the formula is applied to the viscosities of the protein sols, it fits 
with remarkable accuracy, both 9 and m being constant over a wider range. 
The hydration factor m comes out as follows: 


C= (7) 


Sodiumuacaseinatemuns emit tiacirnrinne ccm eniaicciae 1.0 
Baelobialinpeeton cestks: mmritctetse sleet: elisinieiaisis. >, ees .0 ee 
Pseudoclobulin se mearerita ieee crc cerbsisRvecosus le 


Notwithstanding the high viscosities of the sodium caseinate sols, the 
hydration factor is the lowest among the proteins quoted, a somewhat sur- 
prising result which Arrhenius explains by the dissociation of the caseinate. 

In the absence of any independent method of determining hydration the 
choice between the results deduced from the two formule remains open. 
Both, however, fail when applied to the typical emulsoid sols with very high 
viscosities, stich as rubber in benzene or cellulose nitrate in various solvents. 
In these systems the viscosity of sols containing one per cent by weight 
is frequently a hundred, and more, times as high as that of the dispersion 
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medium.” If Hatschek’s formula (5) is applied to these data, solvation’ fac- 
tors of the order 60 to 70 are obtained at low concentrations, which rapidly 
decrease with rising concentration. If the solvation factors are calculated 
from Arrhenius’s formulas (6) and (7) in some cases factors of the same 
order are obtained, while in others negative solvation factors are found, which 
of course have no physical meaning. The problem of finding a rational 
formula for the viscosity of the typical emulsoid sols is still unsolved. 

The problem is still further complicated by the marked variableness of 
viscosity with rate of shear. Measurements with the most generally used 
apparatus, the Ostwald viscometer of the type in which a head of the liquid 
under examination produces the flow, do not directly indicate the existence 
of this variation, the viscosity-concentration or viscosity-temperature curves 


—4- n . . ’ +++ = 
10 20 30 w SO @ 10 6&0 90 KO 10 


Fre. 3—Viscosity-shear curves of gelatin sol. 


are still in general smooth, although to every determination corresponds a 
different velocity and therefore a different rate of shear. In addition to this, 
there is in most cases a critical velocity, above which the viscosity appears to 
be independent of the rate of shear, and this critical velocity is probably 
exceeded in many cases, especially with narrow capillaries and moderate times 
of efflux.* When a method is used which permits low and variable rates of 
shear to be used, the variableness of the viscosity is, however, very easily 
demonstrated. Such a method is, e.g. that of measuring the logarithmic 
decrement of the amplitudes of a circular disc oscillating in the liquid, from 
which the viscosity coefficient can be deduced, which was first applied to 
emulsoid sols by H. Garrett.*° He investigated gelatin, albumin and silicic 
acid sols, with the following results: generally speaking, the viscosities de- 
termined with the oscillating disc were higher than those obtained by the 
capillary viscometer, in one case (silicic acid sol containing 3.76 per cent of 


* The kinetic motion of the dispersed particles in th i i 
fae CET saat oy eee is, TEL Sea ee es in the sol is a factor to be reckoned with. See 
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S103) 2.5 times as high. The viscosity also varied with the amplitude of 
the oscillations, and furthermore with time. In gelatin sols it increased with 
time without this change being due to an alteration in the bulk of the sol: 
if the disc was cleaned and then set in motion again the decrement returned 
to its original value. 

While these experiments prove that the viscosity varies with the rate of 
shear, they are not easy to interpret, since the rate is not uniform but varies 
from zero at the center to a maximum at the periphery. The concentric 
cylinder apparatus is free from these complications and in the modified form 
described above has been used by Hatschek to measure the viscosity of some 
gelatin sols at very low rates of shear. In all cases the viscosity decreased 


Tr 


0 200 300 0 50 90 000s 


Fic. 4.—Viscosity-shear curve of starch sol, illustrating destructive effect of shearing. 


with increasing rate of shear and, appeared to tend to a constant value, which, 
however, was not reached. The graph of one series of measurements ** is 
illustrated in Fig. 3. The ordinates are relative viscosities (water = 1), 
the abscisse angular velocities of the rotating cylinder in degrees per second, 
to which the rate of shear is simply proportional. The sol was a 0.5 per 
cent gelatin sol 72 hours old. Ten readings were taken with gradually de- 
- creasing velocities and then ten with increasing viscosity: there was marked 
hysteresis, the second curve lying entirely above the first one. The viscosity 
at the lowest velocity is approximately two and a half times as great as 
that at the highest. The fact that this result was first obtained with decreas- 
ing rate of shear, and that the curve for increasing rate lies entirely above 
the first one, shows conclusively that the effect is not due to the well known 
lowering of viscosity by continued shearing. ‘The effect of shearing is, how- 
ever, extremely marked in starch sols, where it outweighs the other factor, 
as is evident from the graph for a 1 per cent starch sol (Fig. 4) which is 
plotted in the same way as that for gelatin. 
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‘Although the viscosity-shear curves obtained in thts investigation appear 
to tend to a constant value independent of the rate, this value was not 
actually reached in any series of measurements. If a structure, such as the 
polyhedral structure postulated by Hatschek, is assumed, the existence of a 
critical rate of shear, above which the viscosity coefficient is constant, can 
be deduced theoretically; experimental proof of ‘this critical point has been 
given by R. W. Hess ** for blood, serum and a number of emulsoid sols. 
He used a capillary viscometer with horizontal tube, through which the liquid 
was forced by compressed air, so that the pressure could be adjusted at will. 
He found that the viscosity was constant only above a certain pressure, 1.¢., 
rate of shear, but that below this critical pressure it varied and increased 
with decreasing pressure. Similar results were obtained by E. Rothlin * 
with the same method for serum and’ for gelatinizing sols like gelatin, agar 
and ordinary starch, also for albumin; sodium caseinate, gum arabic and 
soluble starch, however, behaved like normal homogeneous liquids, the viscosity 
being independent of the pressure. Hess, Rothlin and other observers *4 
ascribe the anomaly of the gelatinizing sols to their possessing elasticity of 
shear, for which there is other evidence, e.g., accidental double refraction 
during shearing,”® the elastic limit being so low that above a certain rate of 
shear the liquid behaves normally. While this explanation is no doubt cor- 
rect, it cannot be complete, as suspensions of. rigid particles have been shown 
above to show the same variation of viscosity with rate of shear and no evi- 
dence of elasticity in such systems is available. An explanation adopted by 
a number of investigators,°* which disposes somewhat sweepingly of the 
whole difficulty, is that these anomalies are due to incipient gelation—which, 
again, may be the case but also fails to explain the behavior of the starch 
suspension, in which gel formation is certainly excluded. Even in gelating 
sols the stage at which incipient gel formation manifests itself has—in the 
majority of cases—been assumed ad hoc, since there is no independent evi- 
dence of such a change in dilute sols. One of the rare cases, in which the 
transformation from sol to gel has actually been studied ultramicroscopically 
therefore deserves special mention: that of the concentrated and aged ferric 
hydroxide sols investigated by E. Schalek and A. Szegvari.27 These sols 
set to gels on addition of electrolyte in suitable concentration, the gels on 
shaking become liquid and the sols thus re-formed gelate again, the whole 
process being capable of indefinite repetition. The authors have measured the 
viscosity change during gelation and, having succeeded by the use of special 
optical arrangements in resolving the sol in the ultramicroscope, have fol- 
lowed the behavior of the particles during gelation. They find that the 
particles do not approach one another and therefore conclude that the rise 
in viscosity during gelation 1s not due to linking but to a change in their 
effective volume. 

This assumption is also the only one which explains the variation of 
viscosity with rate of shear in a suspension of rigid particles, demonstrated 
by Humphrey and Hatschek (see above). Each particle must ‘be surrounded 
by a layer of liquid—adsorbed if one likes to call it so—which moves with 
it and increases its effective volume, and this layer is so labile that it is 
more and more reduced in thickness as the rate of shear increases. It also 
takes an appreciable time, to build up again, as the shear-viscosity curves 
exhibit slight, but marked, hysteresis. 

It must, in fact, be generally recognized that the viscosities of diphasic 
systems are governed by volume relations alone. Until more is known about 
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the actual volume of disperse phase, whether this be formed by solid particles 
surrounded by a labile layer or by micelle containing intra-micellar liquid, a 
complete rational treatment of the problem appears impossible. An inde- 
pendent method of determining solvation (in its widest sense) is therefore 
required, as has already been pointed out, but the prospects of such a method 
being discovered do not appear hopeful. 


Experimental Data. 


A large number of viscosity measurements, showing the variation with 
concentration, temperature, age and electrolyte content, are to be found in 
the literature, the most important of which are given in the bibliography at 
the end of this chapter. From what has been said above it will be realized 
that the interpretation of the results in the present stage of our theoretical 
knowledge is ambiguous, and in many cases has been arbitrary: thus, the 
decrease in the viscosity of rubber sols on ageing *® in the light is usually 
ascribed to “depolymerization,” while the increase in viscosity of ageing gelatin 
or silicic acid sols is accounted for by “incipient gel formation,” without much 
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Fic. 5.—Viscosity-temperature curve of sodium caseinate sol. 


independent evidence for either. Many determinations therefore have a 
qualitative interest only: they indicate the occurrence of a change without 
furnishing data as to how it is caused. A few examples which, notwith- 
standing this general difficulty, throw light on points of interest, are therefore 
all that will be discussed in detail. 

Temperature coefficient—The temperature coefficient of viscosity of sus- 
pensoid sols is, within the limits of experimental error, that of the disper- 
sion medium, when the concentration of disperse phase is of the usual low 
order. Very high concentrations are attainable with S. Odén’s sulphur sols, 
and this author 2 has determined the temperature coefficient of viscosity for 
sols containing from 3.84 to 58.28 per cent of disperse phase by weight, or 
approximately 1.92 to 29.14 per cent by volume. He finds that dy/dt increases 
with the concentration and decreases with rising temperature. 

The temperature coefficient of the viscosity of emulsoid sols is always 
greater than that of the dispersion medium, and attains extreme values in 
the sols which form heat-reversible sols, e.g., gelatin or agar in water, cel- 
lulose acetate in benzyl alcohol, etc. Even in sols which do not gelate the 
temperature coefficient is high, as shown, e.g., in the graph Fig. 5, which 
represents the viscosity-temperature curve of a 9.4 per cent sodium caseinate 
sol determined by H. Chick and C. J. Martin.*° The abscisse are tempera- 
tures and the ordinates relative viscosities referred to water at the same tem- 
peratures, i.e., viscosity of sol at n°/viscosity of water at n°. If the tempera- 
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ture coefficients were identical, this relation would give a straight horizontal 
line; the vast difference in the values of the thermal coefficients shows itself 
strikingly in the extreme values, the viscosity of the sol at 0° being 64.9 
times that of water at 0°, while at 99.6° it is only 4.64 times that of water 
at this temperature. The authors ascribe the rapid fall in relative viscosity 
to progressive dehydration of the disperse phase with a consequent decrease 
in effective volume. It is in agreement with this view that the difference 
becomes less marked at low concentrations at which the decrease in volume of 
disperse phase caused by dehydration is less marked; thus a 1.68 per cent sol 
shows a decrease in viscosity between 17° and 50° which is only 1.18 that 
of water. . 

Viscosity in different dispersion media.—It is a well known fact that sols 
containing the same substance in the same concentration may have widely dif- 
ferent viscosities. Opportunities for observing the effect of the dispersion 
medium arise chiefly in the case of substances which disperse in a number of 
organic liquids, e.g., the esters of cellulose and india rubber. The table be- 
low, which shows the viscosities of sols made from the same brand of nitro- 
cellulose in three different solvents, is taken from a very complete investiga- 
tion by F. Baker.** 


Concentration Relative 


Per Cent by Viscosity 
Solvent Weight (Solvent = 1) 

0.397 Ile 7/ 

Methylgacetates meunrtaca aie eine ne 0.793 72.1 
1.585 980.0 

0.358 14.1 

Ethyletornmater c.-scnse eee ey ee eee 0.717 70.6 
1.439 1050.0 

{ 0.384 18.2 

Ethyl Sacetate sa csrrcie eae GA alee 0.7667 175.0 
TS53il 3940.0 


Incidentally these figures illustrate the enormous viscosities produced by 
very low concentrations, which are characteristic of many emulsoids with 
organic dispersion medium. Differences of the same order have been obtained 
by E. W. J. Mardles ** for cellulose acetate in different dispersion media. 

An attempt to explain the effect of the dispersion medium on the viscosity 
of rubber sols has been made by F. Kirchof.** He gives, among other data 
the following relative viscosities for sols containing 3 per cent of rubber 
in various solvents: 


Solvent Relative Viscosity 
Petroleum. etheryece woo sene eo eee 94.0 
Benzene, 5 hae ie a ee ee ee 97.3 
Carbom itetrach| onic emesis saan nena eee 211.3 
etrachlorethane™ Seen] eee eee ee 168.0 
Pentachlorethane seenncereee ee eee 213.5 


The viscosities in the chlorinated hydrocarbons are about twice as high as 
those in petroleum ether and in benzene. Kirchof codrdinates these fs res 
with the data obtained by F. Posnjak ** for the amounts of different Scie 
imbibed by rubber during swelling: the volumes of benzene, tetrachlorethane 
and carbon tetrachloride at equilibrium are in the ratio: 50:60: 69. Kirchof 
assumes that to increased swelling corresponds a higher degree of solvation 
in the sol, 7.¢., a relatively larger volume of disperse phase with a c 

sponding reduction in the volume of “free” dispersion medium. iat 
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Viscosity and physical properties of dry colloid—tIn view of the compara- 
tive ease with which viscosity can be determined, many attempts have been 
made to coordinate physical properties—some of them not too well defined— 
of glue and gelatin with the viscosity of their sols *4* for which the special 
literature must be consulted. Conditions are, as usual, simpler in non-aqueous 
systems, and among the first to be investigated were india rubber sols (P. 
Schidrowitz and H. H. Goldsbrough,** van Heurn**). Schidrowitz and 
Goldsbrough showed a distinct parallelism between the viscosity of (raw) 
rubber sols in benzene and the “nerve” of the material—a somewhat in- 
definite constant, which may roughly be taken to vary as the elastic modulus. 
M. Le Blanc and M. Kroeger * in a recent’ investigation deal with rubber 
vulcanized in the sol by sulphur chloride and find parallelism between the 
viscosity and the tensile strength of samples of the same rubbers vulcanized 
cold, while the gelation times of the vulcanized sols increase in inverse order 
as the tensile strengths. 

Probably the most interesting instance of how the viscosity of a sol may 
be the expression of some deep-seated property of the dry material is to be 
found in cellulose and nitrocellulose. A large amount of research was directed 
during the war to the discovery of a method for selecting raw cotton so 
that, on nitration, a gun cotton with definite properties should result. It 
was found that the viscosities of sols of the celluloses in cuprammonium 
solution, and the viscosities of the nitrocelluloses made from them, in a stand- 
ard dispersion medium like acetone or ether-alcohol, went parallel. R. A. 
Punter,®® who gives a summary of the work, states: ‘The relation between 
the viscosity of the ultimate nitrocellulose from each cotton and the viscosity 
of the cellulose from which it was prepared is definite.” The conclusion 
that some element of structure in the original fiber preserves its character 
after dispersion by cuprammonium on the one hand, and after esterification 
and dispersion in entirely different media on the other, is irresistible and 
deserves more attention than it has received so far. 

Viscosity and age—The majority of emulsoid sols exhibit continuous 
changes in viscosity on ageing. In gelating sols, even in concentrations lower 
than those necessary for actual gel formation, the viscosity generally in- 
creases with time up to a maximum; in other sols, e.g., india rubber sols, the 
viscosity decreases with time.* A correct interpretation is impossible in the 
absence of independent methods of determining the degree of solvation of 
the disperse phase. The effect is also distinctly more specific than the con- 
nection between viscosity and other physical properties. A list of papers, 
not so far referred to, is appended, in which information on this point, and 
other characteristics of specific sols, will be found. 
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The Sol-Gel Transformation and the Properties of Jellies 


By S. C. BrapFrorp, D.Sc., 
The Science Museum, London 


A jelly * is described as consisting chiefly of gelatin, having a characteristic 
soft, stiff, homogeneous consistence and usually semi-transparent, or anything 
of the consistence of jelly. And, though jellies are not necessarily elastic, 
without a knowledge of their structure, it is difficult to frame a definition 
except by reference to gelatin. General acceptance of this substance as typical 
of the colloid state has necessitated detailed investigation of its properties, in 
spite of the fact that its chemical constitution remains unknown. Since the 
foundations of colloid science were laid by Graham, there has been a tendency 
to regard colloids as substances having properties altogether peculiar. Gradu- 
ally has it become apparent that the colloid condition is merely a state of matter 
possessing enormous specific surface. Yet the natural gel-substances, which 
include gelatin and agar, have been considered essentially different from 
materials more easily crystallizable. 

Of the constitution of jellies very many mutually incompatible theories have 
been proposed. These fall naturally into three groups: (1) one-phase or 
molecular systems, (2) two-phase liquid-liquid systems and (3) two-phase 
liquid-solid systems. To the first class belong Proctor’s' hypothesis that a 
jelly is a more or less solid solution of a liquid in the colloid substance, and 
McBain’s ? view that identical colloidal particles are present in the sol and gel 
state, which differ only in mechanical properties. Sutherland’s * conception of 
chains of molecules belongs to this group. While Hardy,* Quincke,® Garrett ¢ 
and Wo. Ostwald‘ have suggested that gels are composed of two liquid phases. 
Theories in these two first classes are unable easily to explain the loss of 
mobility that occurs during the gelation process, and those in the second group 
have the additional difficulty * that no liquid-liquid system can be imagined 
which would have the elastic properties of jellies. Nor is there direct evidence 
for any of these hypotheses. 

The third possibility remains that gels have a solid phase. This idea is 
the most natural and was the first to be held. It was proposed by Frankenheim 
in 1835 and revived by K. von Nageli in 1858, who thought, as appears to be 
the case, that gels are composed of molecular complexes, or micelle, with 
crystalline properties, the water being held by molecular attraction in the inter- 
stices within and between the micelle. Later Biitschli,® van Bemmelen,’® 
Bachmann,'! Robertson 1” and Miss Lloyd ** have preferred the narrower con- 
ception, which is not true in every case, that the solid matter forms a frame- 
work within the gel. However, assuming that gels contain a solid phase, we 
have to inquire into the origin of the solid, and why such substances as gelatin 

* Murray’s Dictionary, , re 

+S. U. Pickering made solid gel-like emulsions containing over 99% of petroleum and about 14% 


of soap solution. J. A. | uit ” : é 
But this is unlike ordinary jellies, both in concentration and method of preparation. S. G. B, 
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and agar should occur, almost invariably, in the colloid state. The simplest 
hypothesis '* that the gel-substance was originally in solution and has crystal. 
lized out is sufficient to explain the facts, and, although much further work 1: 
needed, covering the whole field of colloid chemistry, the hypothesis promises 
eventually, the quantitative explanation of all the properties of colloids. 

The theory of colloidal behavior, therefore, must be based on a knowledge 
of the forces acting on particles in solution. Unfortunately, in current theory 
these forces have been almost ignored, and a new kinetic theory of solutions 
is needed before so-called colloid solutions can be understood properly. Pre- 
liminary attempts ?° towards a molecular theory of solution have been made 
Atoms may be regarded no longer as hard elastic spheres. Instead, we know 
them to be composed of positive and negative charges of electricity. Accord- 
ingly, there must be a residual field of force surrounding each molecule, 
whereby all molecules attract one another, whether alike or unlike. Larger 
particles, built up of several molecules, possess smaller stray fields, approxt- 
mately inversely proportional to the volumes of the particles. To this attrac- 
tion are due the cohesion, K, and surface tension, S, of substances, and these 
are related by Edser’s *® equation 

K8 


5 being the nearest distance of approach of two molecules. 
The force between two particles may be represented by 


— MM, 


fax" 

where M, and M, are the moments of the two particles. Now, in the surfaces 
of most solids, particles are held so firmly by molecular attraction, that their 
kinetic and vibrational energy is insufficient to enable them to escape as vapor. 
If, however, the solid be introduced into a liquid, the conditions are changed. 
The surface attraction towards the solid will be opposed by an attraction 
towards the liquid, so that particles of the solid that acquire a certain critical 
velocity, v, normal to the surface, will be able to escape into the liquid. Of 
those that so escape, any that come again within the zone of attraction of the 
solid will be reclaimed, and the solution will increase in concentration of the 
solid until the number of particles entering and leaving the liquid is equal. 
It is evident, therefore, that the equilibrium between a solid and its solution 
is similar to that between a liquid and its saturated vapor. 

Investigation shows that the latter equilibrium is determined by the relation 


Omen 
Oi oo (iii) 


(11) 


where the subscripts s and / refer to the liquid and its vapor, respectively, ® 
being the co-volume, /’p, Maxwell’s most probable speed of the particles in the 
liquid, and A the ratio of the most probable speeds in the liquid and vapor 
states. 

The work done by a particle escaping from the liquid into the vapor is 


W = 3.21 x 10%*KV (iv) 


V being the molecular volume in the liquid state. From this the critical speed 
can be calculated by means of the relation 
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where m is the absolute weight of a particle. 

By combining equation (v) with that representing the pressure due to given 
number of particles in motion, the vapor-pressure in atmospheres of a given 
liquid, at absolute temperature, T, is obtained in the form 

T), 2.414 x 10-°K 
p= 81.87 rial VT (vi) 

To evaluate p we have, if M is the molecular weight, ¢ the density, and pm 

the density near the freezing point: 


= (san) x 10-8 cm. (vii) 
Oe == (viii) 

giving 
p= 81875 = fas (ix) 


winere o-. == 0 <- 108 
The relation between A and the density of the liquid is given by a smooth curve. 

For non-associated liquids, vapor-pressures calculated from (ix) agree 
remarkably with the observed values, as shown in Table I. If the theoretical 
and actual values are not the same, association is indicated, and the formula 
can be used to calculate the degree of polymerization. This is given under A 
in the Table. 

It is hoped that it will be possible similarly to calculate the force to be over- 
come by a particle escaping into solution and obtain an exact formula for 
solubility. In the meantime, the force opposing solution may be shown to be 
proportional to 


M2  2M.Mi , M? 


as r3° Tet® oF gh co) 


the subscripts s and / referring to solid and liquid respectively. The complete 
formula would include, in addition, co-volume and density, but this expression 
is sufficient to give an approximate explanation of all the properties of so- 
lutions. 

Obviously solubility decreases as F increases, and vice versa. The first 
term on the right hand side represents the cohesion of the solute particles, the 
middle term the adhesion of solute and solvent, and the last term the cohesion 
of the solvent. The following relations are easily deduced: 


(1) If the first term is greater than the third, as for solutions of inor- 
ganic salts in water, the first term will increase more rapidly than the 
seccud, so that F will become greater, and solubility less, as the co- 
hesion of the solute increases. 
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(2) For solutions of a given solute in solvents with less cohesion, the 
- second term will increase faster than the third, or the solubility will 
increase.as the cohesion of the solvent increases. 

(3) For substances, such as organic compounds and gases, whose 
cohesion is less than that of the solvent, the middle, or adhesion, term 
will be greater and increase faster than the first term, so that F will 
decrease, and solubility increase, as the cohesion of the solute increases. 
This rule was discovered by Traube, who showed it to be almost 
universal. 

(4) The solubility of a given substance with less cohesion will decrease 
as the cohesion of the solvent increases. 


By the aid of (i), neglecting changes in 8, these rules may be quoted in terms 
of surface tension, e.g., (1) Solubilities of inorganic salts follow the inverse 
order of their increase in the surface tension of the solvent. This is the case, 
as shown in series II below. And (3) Solubilities of organic substances 
increase as their diminution in the surface tension of the solvent decreases. 
Many other relations, previously observed though unaccounted for, may be 
deduced from a consideration of the molecular forces involved, e.g. 


I. Increases in surface tension, Cohesion. pressure, Adhesion. 
(ajo < Cs < Rb=INH, <Li (hydrated) << K < Na’< Li 
(dehydrated ) 
(by2Cl02<GGNS <1 
Cl0r<a NOs <-Gl 
BuawO@H <7 pew 5, <1CO),.<—siloO.= WO, 


II. Solubility. 
(ayer > Gor Rb > NH, > Ei (hydrated) > K > Na 
Cie les N Ose lO > bie.( lo > OL > SO, > CO, 


III. Molecular volume. 
fee GlOr = NOs sits Clos Oy i 


IV. Compressibility of solutions. 
(aye Eassain Hyer (hyd) >) Ko > Na 
(bid NOS iBr Cl ODS SO. CO; 


V. Catalysis of the hydrolysis of esters by bases. 
Came se ND ke ia 
(Ole NOse os bip = Cl AG 
CLC ameLC: 


In fact, capacity for hydration, reduction of vapor pressure, depression of 
the freezing-point, and all properties of solutions for which sufficient deter- 
minations are available, are found to follow the same order, and are, there- 
fore, functions of molecular attraction and motion. 
As an example of (4) may be quoted the solubilities of CO, in various 
solvents determined by Just *7 and Kunerth.** These are given in the last 
two columns of Table II. The cohesions were calculated from Eder’s for- 
mula (i) which gives much more accurate values than any other method, the 
values of 8 being multiplied by A’/* to allow for association. It will be seen 
that ten out of the 17 substances have solvent powers exactly in the inverse 
order of their cohesion pressures as required by theory. The solubility quoted 
for m-xylene is probably an experimental error. Homologous considerations 
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show that m-xylene should come above toluene and benzene. A similar case 
is that of ethyl and methyl alcohols, of which Just has the solvent powers 
also in the inverse order. The alcohols come altogether out of position. It 
will be noticed, however, that while Kunerth’s figures for other solvents are 
usually within 2 units of those obtained by Just, the figures: for methyl alco- 
hol differ by eleven units. There is obviously some disturbing factor, which 
may be the presence of a trace of moisture. The remaining exceptions are 
ethylene di-chloride, nitro-benzene and carbon tetra-chloride. These have 
densities greater than 1, beyond which the relation is not so simple between d 
and density, and the formula (x) is not a complete guide to the order of 
solubility. 


TABLE II 
Solubility of CO, in 
Mol-fractions x 10+ 
at 20° 
Substance 6 x 108 A S LK S< 10R° Just Kunerth 
IN CELONG GN cr cieieieera ote races 4.679 127 py 1.8] 209 211 
Pyridinemerc eect cert 4.911 1.18 252 1.93 129 129 
Ethylene chloride ........... 4.959 1.06? 31.4 2.48 125 = 
Chioroformi oo. oe ee 4,994 1.03 26.9 2.01 123 121 
Acetictacid ic teewntireen ta 4.508 1.92 27.6 71h) 121 124 
INGTSdo) INSMASIG coveccossobcac 5.473 ele 41.98 2.67 113 = 
Toliieneiec Kise Ste oe ne 5.383 1.01 29.1 2.16 107 — 
MN VINE) ose eras ao meter tate Soi 1.00 28.5 2.08 102 —_ 
Carbon tetra-chloride ....... 5.313 1.01 26.0 1.96 100 aa 
Benzene 4s accncuten + Seu ceis 5.192 1.065 28.5 2.16 91 — 
Propylealcohol meer ee 4.798 225 23.3 1.48 77 _ 
ithylealcoholammea teeter 4.641 2.43 22.03 1.41 70 69 
MethylNalcoholiemmcstee eto Oo 4 2.89 22.6 1.63 71 60 
O=Loludine ere cee re 5.517 1.03? 37.8 2.72 66 — 
Aniline ote vince eter ocinaet: 5.253 1.60 43.2 243 55 59) 
Carbon di-sulphide ....:..... 4.618 1.07 33.58 2.94 Ce, a= 
WViater age cote Meaty Sekar Seer 3.079 3.44 F253 6.24 7 7 


Consideration of molecular attraction allows the deduction also of a 
quantitative expression for the increased depressions of the freezing points 
of aqueous solutions of inorganic salts. The normal depression, D, by a 
solute that does not appreciably affect the cohesion pressure of the solvent is 


0.02T? 
iE 


where L is the latent heat of the solvent. Now the cohesions of inorganic 
salts are much greater than that of water. For instance, Edser gives 
K = 11.48 for sodium chloride at 802.6° as compared with 6.38 for water 
at 100° or the value would be greater at room temperature. Consequently 
dissolved salts increase the surface tension and cohesion pressure of water. 
But increased pressure depresses the freezing point of water by 8.5° per 1000 
atmospheres. ‘There is no escape from the conclusion, therefore, that salts 
must depress the freezing point of water more than substances which affect jts 
cohesion inappreciably. 

If the exact degree of association of water were known, the formula (i) 
would give the relation between the cohesion of dilute solutions and their 


surface tension. Assuming Ramsay and Shields earlier fi 
Mien g 44) we obtain ; y arlier figures for water, 
Ke SCA 
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Walden '® deduced the relation 
Koto 35° (xi) 


the latter expression using the additional depression of the freezing point by 
the increased cohesion," is 


PORS 75 eS 
ES ae O00. a | 


= 0.64AS (xii) 


where AS is the observed increase in the surface tension. Table III shows 
how nearly the observed increases in the depression of the freezing point, 
AD, compare with the values of 0.64AS. 

When, therefore, lyotrope series, similar to those mentioned above, are 
encountered in colloid chemistry, it may be expected that the effects are due 
to the fields of force surrounding the particles. It follows also that lyophile 
substances have less attraction for the dispersion medium than lyophobe, and 
also that every substance must have a definite solubility, however small, in a 
given solvent with which it does not combine chemically. 

If the solid phase be removed °° from contact with a hot solution, statistical 
equilibrium, between the particles leaving and returning to the solid, will be 
possible no longer. Diminishing kinetic energy of the particles, with fall- 
ing temperature, will allow their aggregation, and the solution will become 
supersaturated. Permanent association of colliding solute-particles will occur 
when their kinetic energy falls below a certain limiting value. With dropping 
temperature, the aggregates will grow, until they have reached such a size 
that the force of gravity dominates their kinetic energy and causes them to 
subside. On these, the excess of solid will be deposited, and the statistical equi- 
librium, between solid and solution, re-established. That is to say, the cooling 
solution will pass through a metastable stage before spontaneous crystallization 
commences. 

Von Weimarn’s *4 experiments show that the form, in which a given sub- 
stance will be precipitated, is determined by the value of the coefficient, N, 


in the formula 

iN esalO he = (xiii) 
where L is the solubility of the given substance, P the supersaturation, and 
U is an unknown function that varies in the same sense as the actual size 
of the particles in solution and the viscosity of the reaction medium, or, 
probably, inversely as the diffusion coefficient.* As N increases, the precipitate 
passes through stages in which it appears as: (1) large complete crystals in 
several years, (2) smaller crystals in a short time, (3) growth-figures or 
needles, (4) amorphous precipitates frequently containing microscopic spher- 
ites, and (5) as a gel which cannot be resolved by the microscope. The 
formula is not exact. It is being investigated further. However, the ex- 
pression is very useful in showing how to vary the grain size of a given 
material. The colloid condition results when N is extremely great. If this 
be due to a very small value of L, and P be also small, a sol will be produced ; 
if P be great*a gel will be formed. The value of P is much affected by the 
metastable limit, or the velocity of crystallization. If crystallization become 


*See paper by P. P. von Weimarn, this volume. J. A. 
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TABBED SLE 
Fi Increase « 
Observed Surface Ratio Surface 
Grams G. Moles Depression _ Normal Increase Tension Increase AD Tension 
100 C.C, Litre D Depression D S AS AS x 0.64 
Sodium Nitrate. 
0.43 0.05 (iy 0.09° 0.08° 74.23 0.13 0.61 0.08 
eZ 0.20 0.67 0.37 0.30 74.57 0.47 0.62 0.30 
Potassium Nitrate. 
2.02 0.20 0.64° (053.7 0.28° 74.52 0.42 0.64 0.27 
258 0.25 0.77 0.47 0.30 74.57 0.47 0.65 0.30 
5.06 0.50 1.47 0.93 0.54 74.86 0.76 0.73 0.49 
7.59 0.75 Za 1.40 0.71 75.04 0.94 0.75 0.60 
10.12 1.00 2.66 1.86 0.80 US (He I, 0.71 0.72 
Sodium Sulphate. 
1.42 0.10 0.43° 0.19° 0.24° 74.40* 0.30 0.80 0.19 
2.84 0.20 0.81 0.37 0.44 74.74 0.64 0.69 0.41 
4.27 0.30 1.16 0.56 0.60 75.06 0.96 0.62 0.61 
Anil 0.50 1.84 0.93 0.91 75.69 1,59 0.57 1.01 
Potassium Sulphate. 
0.87 0.05 0.23° 0.09° 0.14° 74.32 0.22 0.64 0.14 
1.74 1.10 0.43 0.19 0.24 74.50 0.40 0.60 0.26 
3.49 0.20 0.81 0.37 0.44 74.80 0.70 0.63 0.45 
TAS 0.44 1.66 0.83 0.83 75.30 1.20 0.69 0.77 
Sodium Carbonate. 
0.21 0.02 0.10° 0.04° 0.06° 74.19 0.09 0.69 0.06 
0.53 0.05 0.23 0.09 0.14 74.32 0.22 0.63 0.14 
1.06 0.10 0.44 0.19 0.25 74,50 0.40 0.64 0.26 
DW 0.20 0.83 0.37 0.46 74.83 0.73 0.63 0.47 
Proll 0.50 1.88 0.93 0.95 75.57 1.47 0.65 0.94 
Potassium Carbonate. 
0.14 0.01 0.05° 0.02° 0.03° 74.15 0.05 0.64 0.03 
0.28 0.02 0.10 0.04 0.06 74.18 0.08 0.75 0.06 
0.69 0.05 0.23 0.09 0.14 74.28 0.18 0.79 0.12 
1.38 0.10 0.45 0.19 0.26 74.48 0.38 0.68 0.24 
2.77 0.20 0.88 0.37 0.51 74.89 0.79 0.64 0.51 
Sodium Chloride. 
0.63 0.11 0.38° 0.21° 0.17° 74.32 0.20 0.85 0.13 
1.36 0.23 0.80 0.43 0.37 74.54 0.42 0.88 0.27 
25 0.43 1.45 0.80 0.65 74.91 0.79 0.82 0.51 
4.10 0.70 2.40 1.30 1.10 75.40 1.28 0.86 0.82 
Potassium Chloride. 
1.56 0.21 0.71° 0.39° Ol323 74.40 0.38 0.80 
3.10 0.42 1.40 0.78 0.62 74.70 0.68 0.90 ye 
5.60 0.75 256) 1.39 1.14 75.10 0.98 1.16 0.74 


* These figures were calculated from the two sets of determi i i 
Ps C c inations at different ten 
This is a further proof that the properties of solutions are the result of the molecular ie eee 


instantaneous, no further increase in concentration of the reagents can in- 
crease P. Sometimes the metastable limit can be increased enormously b 
addition of suitable substances, many having polyvalent radicles. Citric aca 
has this effect on the precipitation of silver chromate.22 These considerations 
allow the explanation of all the properties of jellies, 
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The literature of organic chemistry abounds in descriptions of definite sub- 
stances which occur in the gel form. Frequently these have been obtained, 
also, as well defined crystals. The following examples are taken at random. 
The sodium salt of acrylic acid** occurs as microscopic lenticular needles. 
The boiling saturated solution sets on cooling to a jelly which shows no 
structure under the microscope. Glycyrrhizic acid ** crystallizes from alco- 
hol as light yellow glistening leaflets, which are better formed the slower 
the crystallization. It is little soluble in cold water, easily soluble in hot, 
and the solution forms, on cooling, a light wine-colored jelly. Camphoryl- 
phenylthiosemicarbazide *> occurs as a fine powder composed of crystalline 
needles. It is slightly soluble in alcohol and toluene in the cold, much more 
on heating. Rapid cooling of the hot solution, or pouring the alcoholic solu- 
tion into petroleum, produces a clear elastic jelly. Di-benzoyl cystine gel is 
formed when 0.2 g of the substance is dissolved in 5 c.c. of hot alcohol, mixed 
with 95 c.c. boiling water, and allowed to cool. The clear jelly resembles 1 
per cent agar gel. The author has proved that the jelly is formed when a 
saturated solution of the cystine in boiling water is allowed to cool. Pure 
boiling water takes up even less of the substance than when alcohol is present. 
These and similar examples are explained by von Weimarn’s formula. Gelatin 
is not an exception. The solubility in water of dry ashless gelatin, purified 
by electrolysis, is 0.12 gram per 100 c.c. at room temperature. The solubility 
increases rapidly with rising temperature. When solutions, only slightly super- 
saturated at a given temperature, are quickly boiled, sealed in tubes and allowed 
to stand at that temperature in a thermostat, the solutions do not set to a jelly. 
Instead, they become opalescent, and the excess of gelatin separates very 
gradually. At room temperature a 0.12 per cent solution remains perfectly 
clear, a 0.13 per cent solution is metastable and develops a permanent clear 
bluish opalescence. When the liquid contains 0.135 per cent, or more, of 
gelatin, the excess is precipitated and, as long as the supersaturation is not 
great, the volume of the precipitate is exactly proportional to the excess con- 
centration. At 0.7 per cent the precipitate fills the solution, and the liquid 
sets to a just coherent jelly. Water stirred with gelatin takes up 0.114 g. 
According to experiments in progress at higher temperatures, the concentration 
of the liquid above the precipitate agrees with the solubility at each tempera- 
ture. Similar properties are exhibited by good commercial gelatin. 

The molecular weight of gelatin is not known. It has been estimated by 
various observers at from 10,000 to 25,000 or more. It is probably about 
20,000. A molecular weight of half this value would correspond to mole- 
cules of colloid size, 1.75 wu in diameter, having an extremely small diffusion 
coefficient and velocity of crystallization. The slow velocity of crystalliza- 
tion is the reason that hot concentrated solutions set to jellies on cooling. As 
the temperature falls, they become more and more supersaturated and the 
particles increasingly aggregated, giving large values of P and U in (xiii), 
while the solubility, L, decreases. When spontaneous crystallization ensues, 
the value of N has become very great and corresponds to the colloid state. 
In accordance with (xiii), the grain size of the jelly increases continuously 
with diminishing excess concentration. Six per cent gels,** from which the 
liquid has been expressed, cannot be resolved even by the ultramicroscope. 
At lower concentrations a globulitic structure becomes apparent, and, as the 
grains increase in size, the jelly becomes opalescent and then white and 
opaque. When the concentration falls to 0.4 per cent,?* the ordinary micro- 
scope shows the white gelatinous precipitate to be composed of a multitude 
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of particles like grains of sand, hardly visible separately, with a few large 
spherical particles or spherites. At 0.2 per cent the granular appearanc 
is very marked and a number of spherites can be distinguished separatel} 
The continuous increase in grain size is confirmed by application of Stoke: 
law to the rate of subsidence of the precipitate. The particles fall freel 
for from a few hours to 30 days, according to the concentration, then th 
precipitate coalesces to a continuous jelly that shrinks gradually for a lon 
time. Dialyzed agar behaves in the same way, and silicic acid gels shov 
ultramicroscopic granular structure. 

These experiments demonstrate that in the process of setting there 1 
actual separation of solid gelatin. If a solution contain more gelatin tha: 
corresponds to its solubility under the conditions of the experiment, the ex 
cess will be deposited slowly. The gelatin molecules will aggregate in th 
process of precipitation, and the properties of the liquid will be affected b: 
the presence of these aggregates. For example, at temperatures below abou 
27° the viscosity *8 of 2 per cent gelatin of pa 2.7 increases rapidly on stand 
ing, owing to the formation of solid micelle that occlude large quantitie 
of water, controlled by the Donnan equilibrium. At higher temperature 
the viscosity is normal and decreases slowly with rise of temperature. I: 
albumin solutions at ordinary temperatures solid particles are lacking, but 
if the pa be below 1.0 and the temperature higher, albumin solutions, alsc 
tend to gelate, solid micellz are formed, and then the viscosity is of the sam 
order as that of gelatin solutions. 

It follows that the terms “melting point’ and “setting point” have ni 
exact meaning as usually applied to gelatin jellies and solutions. The solubilit: 
of ashless gelatin at 28.35° is 1.15 per cent. A jelly of this concentratio1 
will just dissolve completely if maintained at 28.35°. If kept at a lower tem 
perature, an amount of gelatin, corresponding to its solubility at that tem 
perature,- will go into solution gradually, or the excess will be deposited, a: 
the case may be. But if, as usually happens, the jelly be warmed until i 
melts, it will not do so until the temperature has had time to rise consider: 
ably above 28.35°, on account of the slow velocity of solution. Conversely 
if a warm 1.15 per cent solution be cooled, the liquid will not set until th 
temperature has fallen much below 28.35 per cent, or, actually, not until it ha: 
remained for some time at room temperature. The observed melting anc 
setting points depend on the rate of heating or cooling. Moreover, the grait 
size of the jelly is affected by the temperature at which the bulk of the exces: 
gelatin is precipitated. When a more exact expression for the grain siz 
has been found, it should be possible to deduce the relations between the 
Se concentration, and the elasticity, vapor pressure and other properties of 
jellies. 

Gelatin and agar jellies are remarkable for their stability. This is due 
to the extremely slow velocity of crystallization. Most substances that car 
be obtained in the gel form, including the soaps, rapidly develop micro- 01 
macroscopic crystals. However, old silicic acid gels show crystalline spherites 
and clear gelatin jellies do very gradually become opalescent and develop very 
tiny microscopic particles. Probably gelatin jellies undergo extremely slov 
but continual re-crystallization, whereby the larger particles are continually 
growing at the expense of the smaller ones. When, therefore, a rectangulat 
prism of jelly is bent between three stops and left for five days in a mois 
atmosphere, the particles of the jelly become fixed in their distorted positions 
and probably by further gradual separation of solid gelatin, so that when the 
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jelly is removed from the stops it remains bent, and by recrystallization polar- 
ized light reveals still the optical anisotropy due to distortion.” 

Von Weimarn’s theory may be applied to obtain the gelatin particles of 
larger size. For this purpose N must be reduced as much as possible, which 
can be done by avoiding supersaturation and increasing the solubility. As the 
presence of traces of salts increases the solubility of gelatin, commercial 
brands crystallize more readily than pure gelatin. However, the purest ash- 
less gelatin yields spherites up to about 3 uw by spontaneous evaporation at 
35° in an air bath. A white gelatinous precipitate forms on the base of 
the crystallizing dish, or on cover glasses resting thereon. After from ten 
days to two weeks microscopical examination with a 1/12 objective shows the 
precipitate to consist of a mass of spherites mostly between 0.8 and 1.5 w with 
a few larger ones. All glow distinctly between crossed nicols, some showing 
shadow crosses, thus proving their crystalline nature. In the presence of 0.1 


Fic. 1.—Gelatin spherites with Hg Ch. Fic. 2.—The same between crossed 
xX 1400. nicols. X 1400. 


per cent mercury chloride the spherites can be obtained up to 6 ut or more, see 
Figs. 1 and 2. 

It may be concluded that gelatin, agar and silicic acid jellies are granular 
in structure. This explains the lenticular form of gas bubbles generated in 
these gels. The structure of jellies of other substances varies according to 
their crystalline habit. Barratt *° found indications of a fibrillar structure in 
fibrinogen gels. Soap jellies, like those of gelatin may be either transparent 
or opaque, the former having smaller ultimate particles. Even in these, long 
filaments are visible ultramicroscopically.*t In the opaque jellies the crystal- 
line structure may be microscopic, and according to (x11), with decrease of 
concentration, the fibrils and spherites increase in size. Fischer *? has deter- 
mined the smallest concentrations of a large number of pure soaps that will 
set to a coherent jelly. For sodium oleate and palmitate these are 23.3 and 
1.4 per cent, respectively, the corresponding solubilities being 5.0 and 0.2 
per cent. The lowest concentration of gelatin that will set at room tempera- 
ture is 0.7. his gives 7 in (xiii) equal to ee 
trations of sodium oleate and palmitate that would give the same value of 


or 4.8. The concen- 


762 COLLOTD (CHEMIST ERY 


> are 29 and 1.2. These are remarkably near Fischer’s experimental fig 


ures, and indicate that U has much the same value for these soaps as fo 
gelatin. Soaps of heavier metals, like lead, have too great a velocity 0 
crystallization to allow the accumulation of sufficient excess concentratiot 
during cooling to form a jelly, therefore the excess separates out, as formed 
in the state of an amorphous precipitate. That the gelation of organosol 
of cellulose acetate is akin to crystallization is indicated by the variation o: 
the Tyndall effect ** and viscosity. 

Solubility determinations promise to explain many problems of colloic 
chemistry hitherto obscure. The optical levo-rotation of a gelatin solution 
remains nearly constant at temperatures above that at which the solution 1 
saturated. At lower temperatures rotation gradually increases to a constan 
value.24 This must be due to separation of solid gelatin. The viscosity 0: 


yf : ; N : 
potassium oleate®* is 1.19 at a concentration of 30° It increases at firs 


slowly with rise in concentration. At = it is 1.87. Suddenly the viscosity 


begins to increase enormously. At 0.4 N it has become 8.02 and rises t¢ 
1573 for 0.6 N. Probably the explanation is the same as for gelatin: the 
solubility of potassium oleate is probably less than 0.4 N, and micelle begit 
to be formed in the supersaturated solution. 

The influence of salts on the solubility of gelatin would repay furthe1 
investigation. As gelatin reduces the surface tension of water, its molecula: 
field is probably less than that of water. Adsorption of salts by gelatir 
particles would produce aggregates with greater residual field of force neare: 
to that of water. Therefore, smaller concentrations of salts would increase 
the solubility of gelatin, while larger concentrations would decrease it, because 
the cohesion pressure of the salt solution increases more rapidly than the 
amount of adsorbed salt. The maximum solubility is reached more slowly 
and becomes greater as the cohesion pressure of the salt diminishes, or as its 
solubility increases. Sodium sulphate *® decreases the solution time of 0.8 g 
of gelatin in 100 c.c. of water, or increases its solubility to a maximum ai 
i 
OZ) 
The smallest concentrations that precipitate 0.8 per cent gelatin solution: 
are # M for sodium sulphate and 3 M for potassium chloride. The effects 
follow the lyotrope series. Peptization and coagulation, flocculation anc 
deflocculation are to be explained in the same way. The temperature *” of} 
setting of gelatin depends on the solubility, and is affected by salts in the sam« 
way ; so are, also, the time of gelation ** and the rate of increase of viscosity. 
The more soluble salts depress the gelation temperature, sufficient concentra: 
tions of less soluble salts raise it. Small additions of alcohol ** to warm 1 pei 
cent gelatin solutions, which are not saturated at temperatures above abou: 
26° or 27°, increase the large amounts of salt solutions required to salt out the 
gelatin. But, when more than a certain quantity of alcohol has been added 
the solutions become opalescent and very small amounts of salts are sufficient 
to cause precipitation. The explanation is, probably, that the solubility o: 
gelatin in water is first increased and then diminished by addition of alcohol 
When sufficient alcohol has been added, the gelatin begins to be precipitated 
as shown by the opalescence, and the suspension, or suspensoid sol, of gelatir 


The greatest effect of sodium chloride has not been reached at 2 M 


THE SOL-GEL TRANSFORMATION 763 


shows the usual sensitiveness to salts. Such questions can be settled only 
by determination of the solubility of the substance concerned under the con- 
ditions of the experiment. 

_ Gels may, therefore, be defined as two-phase liquid-solid systems, compris- 
ing inumerable submicroscopic crystalline aggregates, in and around which, 
the mother liquid, from which the solid disperse phase has crystallized, is 
held by molecular and capillary forces. In such a two-phase system the 
liquid exists in three states, the effects of which have been verified experi- 
mentally: *° (1) free liquid contained in larger cavities, (2) liquid retained 
in the capillary pores between the micelle, and (3) liquid absorbed in thin 
skins at the surfaces of the micelle. The vapor pressure of the system will 
be less than that of the free liquid. This is the explanation *t of van Bem- 
melen’s ** curious hysteresis cycle. With progressive dehydration, the gel 
decreases in volume and the gel capillaries develop menisci, concave to the 
vapor phase, with increasing curvature and diminishing vapor pressure. At 
the commencement of the hysteresis cycle, the radii of the liquid menisci 
have reached their lowest value, approximately equal to those of the capil- 
laries. They exert a maximum pull on the liquid and the gel as a whole 
is compressed. The tension causes rupture of the liquid in the interior and 
an opaque appearance, due to innumerable gas bubbles larger than the 
interstices between the micelle. When the emptying of the capillaries is 
complete, the bubbles have coalesced, and the opaqueness has disappeared. 
During reimbibition, the un-wetted walls develop liquid menisci with greater 
radii, higher vapor pressure, smaller pull on the gel and larger water uptake. 
Silicie acid, charcoal, permitite and porous bodies generally exhibit such varia- 
tions in vapor pressure according to the liquid content. Gelatin hydro-gels 
behave rather differently on account of the solubility of gelatin in water, but 
the water can be replaced ** gradually by alcohol, and subsequently by benzene 
and other liquids, which show the hysteresis cycle. From the vapor pres- 
sures, the size of the capillaries can be calculated. For silicic acid ** they 
vary from 5 to 10 py in diameter and for 10 per cent gelatin ** from 8 to 
27 uw. The diameters of the micelle would be rather larger than those of the 
capillary pores between. It is interesting to compare these figures with those 
indicated by von Weimarn’s theory. The rate of subsidence and microscopic 
appearance of gelatin particles, in the precipitate from a 0.2 per cent solu- 
tion, agree in fixing the size of the grains at about 0.09 u. The correspond- 


; NPS OZ 0.12 N 
ing value of 7 ™ op —10,0/.0) Korea lO-per cent. gel, UT would be 


about 120 times as great. Now experiments indicate that N may be nearly 
a linear function of the reciprocal of the diameter of the particles. If this 
were exactly true, the particles in a 10 per cent gel, setting at room tem- 
perature, would be only 0.8 pu in diameter. But the solution sets at a higher 
temperature, so that L would be greater and the particles bigger. The 
vapor pressure shows that they are 10 to 34 times as large. If, however, 
gelatin molecules are 1.75 wy, or more, in diameter, the micelle cannot con- 
tain many molecules, so that there is a large element of truth in theories 
that jellies are one-phase molecular systems, although a_ solid-liquid system 
cannot be so described with accuracy. Also, it is apparent why gelatin gives 
no interference with mono-chromatic X-rays. 

Owing to the small size of the grains, appreciable portions of both solid 
and liquid exist in the surface skins bounding the two phases, and both ex- 
perience cohesion pressures intermediate between those of the free substances. 
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In consequence, the volume of the gel is less than that of the free constitu 
ents.*® When the air-dry gelatin is placed in water, some of the smalle 
particles dissolve, and the water is attracted into the pores between th 
particles, causing the gelatin to swell. The swelling does not proceed in 
definitely. It is resisted by a force that may reside in the surface of th 
small particles of the jelly, or be due to their aggregation. With particles s 
small, it is difficult to distinguish between cohesion and crystalline continuity 
The amount of water 4%47 taken up depends on the previous history of th 
gel and may amount to as much as 14 times the mass of the gelatin. I 
sufficient water were added, the whole of a gelatin gel would dissolv 
gradually, just as a soap jelly slowly disperses in water. The total volume ’ 
of gel and water after swelling (e.g. 1 gram of gum tragacanth in S0Le.G 
may be 2 per cent less than before. The heat *® evolved by the contraction 1 
5.7 cal. per gram. However, air-dry gelatin still contains 15 to 16 per cen 
of water that can be driven off by heating for 18 hours at 110°. The con 
tractions and pressures involved in the retention of this water are much greatet 
The heat of swelling of dry gelatin is 33.25°° cal. per gram, that of starc 
30 cal. However, the loss of the last traces of water appears to be accom 
panied by a change in the gelatin, which may be related to that produced in it 
dehydration by alcohol. A sample of air-dry Nelson’s “Crystal” leaf gelati 
of density 1.333 in vacuo at 15°, containing 16.53 per cent of moisture, los 
only 14.59 per cent by drying over sulphuric acid for a year, retaining 1.9 
per cent. The rate of loss of water is shown in Table IV. The gelatin, drie 


TABLE IV 
Moisture Lost Moisture Retained 
Days Per Cent Per Cent 
Ole cise ere He tate: 0.00 16.53 
Silks sokeetesue eels « Sicttenie a sialeeacteeterate 3-99 12.98 
Wik sete Ree nea aaa aa Seni ahs o 4.41 14.12 
TA Pp OC PR Ee IRN I AAI TSE i Sel2 8.41 
AS TEA oe tary Sate ene Ree 9.81 6.72 
L yeard tae. ee ee ee 14.59 1.94 


by heating, swells in water, but does not melt in boiling water. The solubilit 
of this heat-dried gelatin at 100°, determined by boiling with water for som 
time and evaporating the solution, is 0.12 per cent. This is remarkable a 
compared with the large amount of air-dry gelatin that will go into solution a 
100°. Yet this dilute solution becomes gelatinous on standing overnight. 

___The enormous pressures required to squeeze out the water from jellies als 
indicate the magnitude of the forces involved in swelling. Laminaria require 
a pressure of 41 atmospheres ** to reduce the water content to about 33 pe 
cent of the dry gel. Very much greater pressures would be necessary t 
remove the remaining water. The contraction, assumed to be confined t 
the water, involved in its absorption by starch, was calculated by the autho 
from Rodewald’s ** observations, as shown in the fourth column of Table \ 
It will be noted that up to about 9.8 per cent of water the contraction is prac 
tically constant. The contraction of water subsequently absorbed is much les: 
Generally the water alone is assumed to be concerned in the contraction ot 
served in the total volume of gel and water. If, however, the liquid, adsorbe 
at the surfaces of the gel particles, be under a greater pressure than the fre 
liquid, the solid gel substance in the thin layer adjacent must be under a les 
pressure than in the free state, or vice versa. Therefore, the total contrac 
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TABLE V 
Vol. of 1 G, Addi- 
100 G. Starch Dried ree ae Sor 
Over H2SO, Con- Vol. of Absorbed Vol. of 1 G. Water (= 3.01 C.C.) of 
taining Water Specific Volume Water in C.C. imeG;C: First 9.8 G. 
0.00 0.72585 — — — 
Pony, 0.72124 0.38 0.33 — 
2.69 0.71319 0.78 0.29 — 
5.02 0.70486 1.54 0.31 — 
7.40 0.69881 2.67 0.36 = 
9.70 0.69344 2.79 0.29 — 
13.41 0.68727 6.60 0.49 0.91 
14.95 0.68555 S225 0.55 1.01 
19.24 0.68111 9.51 0.49 0.68 


tion is the resultant of a contraction in one phase and a smaller expansion 
in the other phase. The pressures required to produce the water contrac- 
tion, given in the table above, would amount to 8.6 < 10* atmospheres, and 
the heat evolved would be 120 cal. per gram. But some heat is absorbed in 
the expansion of the other phase, so that the actual heat of swelling is less. 

The properties of gelatin jellies are affected characteristically by the pres- 
ence of tough skins formed by surface evaporation, the particles in the surface 
becoming felted and cemented together by deposition of fresh solid. The 
skin is very noticeable if it is attempted to cut, with a blunt knife or spatula, 
a jelly that has been exposed to the air for two or three days. Gelatin 
cylinders, hung in a moist chamber to prevent toughening of the skin, become 
pear shaped, indicating that their viscosity is not infinite. Some soap jellies 
easily assume the shape of the containing vessel. When suddenly heated, so 
as not to melt the skin, gelatin cylinders and prisms contract in the direction 
of their greatest length owing to the constraint to expansion imposed by the 
skin. The skins of agar jellies are much less tough, and the jellies do not 
exhibit this so-called thermal anomaly. 

The general conclusion appears to be that the reversible sol-gel transforma- 
tion is a problem in solutions, and that many colloid phenomena at present 
obscure will be explained by determinations of solubility. 
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The Problem of Gel Structure 


By Dorotuy Jorpan Lioyp, London 


The colloidal condition, the “gel,” is one which it is easier to recognize 
than to define, and even recognition is confused by the fact that the limits 
between gel and sol, on the one hand, and gel and what may be termed curd, 
on the other, are not precise, but consist of a gradual change. For this rea- 
son some workers classify as “gels” systems which others exclude. Only one 
rule seems to hold for all gels, and that is that they must be built up from 
two components, one of which is a liquid at the temperature under considera- 
tion, and the other of which, the gelling substance proper, often spoken 
of as the gelator, is a solid. The gel itself has the mechanical properties 
of a solid, #.e., it can maintain its form under the stress of its own weight, 
and under any mechanical stress it shows the phenomenon of strain. But it 
differs from a solid in other important respects, namely (1) that many sub- 
stances which are soluble in the liquid component can diffuse through the 
gel with a velocity differing but little from their velocity of diffusion in the 
simple solvent; * and (2) that chemical reactions can also occur in gels at 
velocities which are almost unaffected by the gel condition. A final generaliza- 
tion is that a gel is a body transparent to the naked eye, though showing the 
“Tyndall cone” effect under lateral illumination. Cloudiness or turbidity in 
gels, when viewed by transmitted light, does of course occur, and even com- 
monly, but the cloudiness is not usually due to an essential part of the struc- 
ture. It may be due to an abnormally coarse structure, as in Hardy’s (1900, 2) 
gelatin-alcohol-water systems, and the gel of azo-methine in carbon bisul- 
phide (Hardy, 1912), but is more frequently evidence that the system is 
unstable and that the gelling substance is separating out, as in isoelectric 
gelatin in water (Jordan Lloyd, 1920, 2; Smith, 1921; Bradford, 1921; Field, 
1921; Callon, 1925), soap curds in water (Laing and McBain, 1920), diben- 
zoyl-l-cystine in water and alcohol (Gortner and Hoffman, 1921), or in water 
(Wolf and Rideal, 1922). Ina few cases turbidity is due to the presence of 
impurities, as in the gel of commercial agar in water where it is due to the 
inclusion of proteins, and when these are removed the gel becomes clear. 

Von Weimarn (1907), who has made aquagels from numerous inorganic 
salts such as barium sulphate, manganous cyanide, strontium cyanide, green 
chrome alum, etc., etc., uses transparency as a criterion of the gel state. 
To systems which have become cloudy by the separation of the gelator as 
ultra-microscopic or microscopic crystals, he gives the name “pseudo-gels.” 
This would seem to correspond to McBain’s use of the term “curd” for the 
cloudy gel in the system soap-water. The dividing line between “gels” and 
“pseudo-gels” has been the subject of a certain amount of controversy. 


* This is not true of concentrated gels. J. A. 
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CLASSIFICATION 


Gels have been classified as heat-reversible and non-heat-reversible (Hardy 
1899, 2; 1900, 2), and as elastic and rigid (Freundlich, 1922). The tw 
methods of classification lead to the same grouping. 

Among heat-reversible, elastic gels are to be included such systems as: 


Gelatin in water, 

Agar-agar in water, 

Soap in water, and organic solvents, f 

Dibenzoyl-l-cystine in water (Gortner and Hoffman, 1921, Wolf and Ridea 
1 


922), 
Camphorylphenylthiosemicarbazide in toluene (Hatschek, 1912), 
Azomethine in organic solvents (Hardy, 1912), 
Cellulose acetate in benzoyl alcohol (Mardles, 1923). 


Note: Casein dissolved in alkali + CaCl. or Ca( NOs) forms a gel 
on warming and a sol on cooling (Ringer, 1890). 


Among heat-irreversible, rigid systems are: 


Silica in water, 

Celloidin in chloroform and alcohol (Hardy, 1912). 

Barium sulphate in water, 

Many metallic sulphides and oxides (or hydroxides) in water, etc. 


The distinguishing characteristic substances which form heat-reversibl 
gels and those which form non-heat-reversible ones seems to lie in the fac 
that in the former the temperature-solubility curve is a steep one, risin; 
from a very low solubility at low temperatures, whilst in the latter th 
solubility curve remains uniformly low at all temperatures or may evet 
fall slightly with rising temperature. As gels are always produced from super 
saturated solutions, this difference in the character of the two groups is re 
flected in the modes of preparation employed. 


PREPARATION 


Where the gelator has a steep solubility curve, the gel state may b 
attained by making a sol at a higher temperature, and then bringing t 
a lower. With a substance like gelatin that consists of large, slow-movins 
molecules, the gelation which occurs on slow cooling in air is spontaneous 
With a substance like azomethine, rapid cooling is necessary to produce thi 
super-saturation necessary as a precursor of gel formation. 

Gelation can also be induced at constant temperature by dissolving th 
gelator in a good solvent and adding the solution to a poor solvent, e.g., ge 
of dibenzoyl-cystine can be prepared by dissolving the crystals in alcohol anc 
pouring the solution into water. The principle, i.e., the production of super 
saturation in the solvent, is the same as in gelation induced by cooling. Th 
gel of dibenzoyl-cystine is heat reversible. The gel produced by addin; 
chloroform to a solution of celloidin in absolute alcohol or ether is hea 
irreversible (Hardy, 1912). 

In cases where sols cannot be made by simply warming the solid gelato 
in a solvent, a gel can be formed by preparing the substance in situ it 
the dispersion medium. For example, silica gel is prepared in this way b: 
dialyzing sodium silicate against water. Sodium and hydroxyl ions diffus 
away and the colloidal silica sets to a gel in the dialyzer. Von Weimarn ha 
prepared gels of a number of substances such as barium sulphate, basi 
chromium sulphate, alumina, etc., etc., by mixing two soluble salts under care 
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fully defined conditions, choosing compounds which by double decomposition 
produce the gelling body, which is in every instance a substance highly insoluble 
in the solvent employed. 


EXPERIMENTAL INVESTIGATIONS OF STRUCTURE 


The methods used for preparing gels suggest that these bodies are formed 
under conditions which might be expected to lead to the precipitation of the 
gelator from solution either in the amorphous or the crystalline condition. 
A visible separation into two phases (precipitate and solution) does not occur, 
but gels do display properties characteristic of both the solid and the liquid 
state. Is the gel, therefore, a body in which two phases are potentially present 
although not separate in the sense of Gibbs’ phase rule? Does it, in short, 
possess an ordered structure? And if so, is this of molecular dimensions 
only or is it sufficiently coarse to form a system in which it is possible to 
distinguish between two phases ; 

Direct investigations on gel structure fall under five headings, namely: (1) 
microscopical investigations ; (2) ultra-microscopical investigations ; (3) X-ray 
analyses; (4) mechanical attempts to separate the two phases; and (5) vola- 
tilization of the liquid component or its substitution by another liquid. The 
great bulk of the evidence bearing on the problem is, however, indirect, and 
is derived from studies of the physical properties of the gel, and the sol near 
the gel condition. The indirect evidence falls conveniently into three sub- 
divisions, namely: (1) evidence from investigations on swelling, including 
changes in volume, density and refractive index, and evolution of heat on 
gelling; (2) evidence from investigations on viscosity ; and (3) evidence from 
investigations on diffusion in gels and conductivity of electrolytes in sols and 
in gels. 


MiIcroscoPpiIcAL INVESTIGATIONS 


The most important microscopical studies of gelation are two papers by 
Hardy (1899, 2 and 1900, 2) on the formation of irreversible and reversible 
gels respectively. The irreversible system considered was the coagulation of 
denatured egg albumen. ‘This system lies rather on the border-line of the 
gel state, if not, indeed, beyond it. Nevertheless, the structure is of interest. 
The protein particles formed during coagulation are spheres of 0.75-1 w in 
diameter, anastomosing of which become arranged in rows so that an open 
net with regular polygonal meshes is formed. The reversible system con- 
sidered by Hardy was one consisting of gelatin-water-alcohol. Hardy chose 
this system because “the refractive index of one phase differs so much from 
that of the other as to permit of direct microscopical investigation.” He 
writes “when 13.5 grams of dry gelatin are dissolved in 100 c.c. of an equal 
mixture of equal volumes of absolute alcohol and water, a system is produced 
which is clear and homogeneous at temperatures above 20°. As the tem- 
perature falls below this limit, a clouding occurs which I find to be due to 
the appearance of fluid droplets which gradually increase in size until they 
measure 3 uw. On cooling further these fluid droplets become solid and they 
begin to adhere to one another. In this way a framework is built up com- 
posed of spherical masses hanging together in linear rows which anastomose 
with one another. The framework therefore is an open structure which holds 
the fluid phase in its interstices. The macroscopical result of the change is 
the conversion with falling temperature of the fluid into a loose gel.” 
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Hardy found that rate of cooling had a great influence on structure, the 
more rapid the rate of cooling, the finer the structure, which he explicitly 
states may become amicroscopic. He also states that when the concentra 
tion of gelatin becomes greater than 36 per cent the structure is altered by 
the liquid phase becoming discontinuous. This solitary observation is th 
only contribution known to the writer of the influence of the concentration 0! 
the gelator on the structure of the gel. The subject has been conspicuous]; 
ignored by later workers. pee eeter <7 

It seems probable, in the light of later work, that Hardy’s microscopica 
studies were made possible not only by the difference in the refractive inde> 
of the two phases, but also by the fact that he produced gels with an abnor 
mally coarse structure. / 

Further microscopical evidence is Biitschli’s (1898, 1900) observation of < 
fine anastomosing framework (honeycomb) in the partially dried gel of silica 
The visibility in this case was attributed to the development of gas bubbles o1 
the walls of the gel framework. His interpretation of his results, however 
has been adversely criticized both by Zsigmondy (1911) and by Bachmanr 
il ONES : 

Microscopical studies of gelation have also been made by Bradford (1920) 
who considers, however, that gels have a granular structure, and compare: 
them to a pile of shot. 

It is to be emphasized that a large number of microscopical examinations 
of gels have been made without revealing any trace of structure. It is ar 
undoubted fact that, in the majority of gels, the structure, if existent, 1: 
of too fine a texture to be revealed by the microscope. Nevertheless, the 
structures seen by Hardy and by Bradford had a‘real enough existence 
and must therefore be taken into consideration in any theory of gelation 


ULTRA-MICROSCOPICAL INVESTIGATIONS 


The structure in gels is ordinarily too fine to be visible under the micro. 
scope. It is also frequently too fine to be revealed by the ultra-microscope 
Zsigmondy (1911) examined the gel of silicic acid and found that both the 
gel and the fully dried gel residue were optically void. The half driec 
gel showed the presence of sub-microns. An important observation made wa: 
that while gels of a greater concentration than 2 per cent were opticall} 
clear, gels of a lesser concentration showed heterogeneity. Agar-agar gel: 
similarly showed no structure visible under the ultra-microscope. Bachmant 
(1912) examined silica gel and gelatin gel with the same results whilst Laing 
and McBain (1920) and McBain, Darke and Salmon (1921) found tha 
soap gels were almost free from structure visible under the ultra-microscop 
except in such cases when the formation of crystals or fibrils had occurred 
when the system could no longer be regarded as a gel. 

Other workers, however, have found different results. Moeller (1921) 
states that he always finds strong heterogeneity in gelatin gels. Gortne: 
and Hoffman (1921) state that the gel of dibenzoyl-I-cystine in water ha: 
a fine fibrillar structure which is shown by the ultra-microscope. Only 
patches of the gel show this ttructure, the remainder being optically void 
They suggest that this is due to the fact that the dimensions of the fibril: 
were close to the working limits of their apparatus. Barrett (1920) state: 
that in the clotting of serum it is possible to demonstrate the formatior 
of long intersecting fibrils by means of the ultra-microscope. 
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X-Ray ANALYSES 


If gelation is a process of crystallization, then evidence of crystal struc- 
ture in gels might be expected to be revealed by Bragg’s method of X-ray 
analysis. Only a few gels have so far been examined by this method. 
Scherrer (1918) found evidence of crystal structure in the gels of silicic 
and stannic acid, but none in the gel of gelatin. 

Katz and Gerngross (1925), however, have found one diffuse and well- 
defined interference band in the gel of iso-electric gelatin. In gels dried 
under tension the interference figures become more definite. It seems pos- 
pas therefore; that gels contain matter in the semi-crystalline or smectic 
state. 


MECHANICAL SEPARATION OF THE PHASES 


It is generally impossible to separate a gel into two phases by mechanical 
means. Hardy (1900, 2) states that it is possible to separate the two phases 
of an agar-agar gel by gentle friction and squeezing. He gives the following 
analytical figures: 


Agar in 100 Grms. Expressed Fluid Solid Solution 
of the Gel. Volume Agar Volume Agar 
T = 18° 1.1 grms. 440 c.c. 0.10% 140 c.c. 4.7% 
3.3 grms. 230 c.c. 0.14% 350 c.c. 5.6% 


“Thus an increase in the concentration of agar in the mixture produces an 
increase in the concentration of the agar in both phases.” With strong direct 
pressure he found it impossible to separate two phases from the gel—‘‘very 
great force was necessary to express a fluid which was found to be almost 
pure water.” 

Gortner and Hoffman (1921) separated the two phases of di-benzoyl-l- 
cystine by filtration. They found that a limpid liquid filters off and skin 
of dibenzoyl-cystine remains behind. Wolff and Rideal (1922) say that pure 
water runs through the filter paper, leaving behind a “crystalline skin” of 
solid dibenzoyl-cystine. Jordan Lloyd (1920) finds that gelatin gels which 
have swollen in a dilute acid or alkaline solution, contract on removal to 
an atmosphere of saturated vapor, and squeeze out a fluid in droplets at 
numerous loci on the surface. This fluid was found always to have a re- 
action nearer to the iso-electric point of gelatin than that in which the gel 
had swollen, and to contain gelatin in solution. It was taken by the writer 
to be the liquid phase of the gel expelled through a disturbance of the osmotic 
forces due to a readjustment of the membrane equilibria. 


Dryinc, ImBiBIrION AND DISPLACEMENT OF ONE FLuIpD BY ANOTHER 


If gels are two-phase structures in which the interstices of a solid mesh 
are penetrated by a liquid, by driving off the liquid, evidence should be ob- 
tained as to the nature of the solid framework. The classical experiments 
of van Bemmelen (1897, 1898, 1902) on the drying of silica gels are the 
first important contribution to this subject. Van Bemmelen placed the gels 
over sulphuric acid of varying concentrations until equilibrium was reached. 
After a certain loss of water had occurred, the gels lost their transparency 


* See paper by G. Friedel, this volume, p. 102. J. A. 
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and became white and opaque. With further drying, transparency returned. 
On restoring water to the system, a reverse series of changes occurred. 

Van Bemmelen accounted for these optical changes by supposing that 
the gel had a solid framework which was penetrated in every direction by 
fine capillaries containing liquid. The appearance of opacity at half-drying 
was attributed to the fact that the liquid phase had been drawn out of the 
capillaries, but that the rigid solid phase did not collapse, and so a gas phase 
replaced the liquid in the capillaries. The return of transparency on fur- 
ther drying was attributed to the loss of water from the solid framework 
with contraction of the walls and closing of the capillaries. The cycle of 
changes was found to be reversible on restoring water to the system. 

Anderson (1914) also studied the loss of water from silica gels on dry- 
ing. He also supported the theory of a porous structure and estimated the 
size of the pores in a silica-water gel as from 2.75 to 5.49 uu. He further 
allowed his dried silica gels to imbibe not only water but also alcohol and 
benzene. In the two latter cases he estimates the size of the pores in the 
fully imbibed gel as 2.42 to 5.15 wu and 2.70 to 5.98 wy respectively, z.e., the 
pores are the same regardless of whether the dispersion medium is water, 
alcohol or benzene. This fact is strong evidence of a permanent solid struc- 
ture in the gel, the different fluids having been drawn into the gel by capillary 
action. Thomas Graham also (1862, 4, 5) made alcogels, sulphogels, etc., from 
hydrogels of silicic acid in this way. 

Gels of gelatin and water behave on drying and during imbibition in a 
way which is in strong contrast to the silica gels. The gel collapses as a 
whole during drying, there is no evidence of pores developing, nor is there 
any stage when clouding of the gel occurs. The dried gels do not re-imbibe 
any fluid, regardless of its nature as occurred in the case of silica gels, but 
only water or watery solutions. Nevertheless, the history of the gel has a 
strong influence on its behavior. 

Some recent work by Gortner and Hoffman (1922) shows that both the 
rate and amount of imbibition of water by dry gelatin grains of equal sur- 
face depend on the concentration of the gel from which the grains were pre- 
pared, grains dried from a weaker gel taking up more water than those from 
a more concentrated gel. They consider that these experiments prove that on 
gelation a permanent structure is formed. Brotmann’s (1921) experiments 
on imbibition are further evidence in support of this view. 

Sheppard and Elliot (1922) do not consider that the experimental re- 
sults of drying gelatin gels justify the assumption of a two-phase structure. 
They point out that the form assumed by a drying gel with uneven con- 
traction along its three axes, depends on the geometrical form of the gel. 
They consider that during drying “‘case-hardening” occurs, and that the res- 
toration of the original form is due to the “original skin-extension.’ Their 
arguments, which are valid for the cases with which they deal, do not, how- 
ever, account for the results obtained by Gortner and Hoffman where differ- 
ent degrees of imbibition were obtained with dry gelatin grains of the same 
size and geometrical form. 


SWELLING, CONTRACTION, Density, HEAT, REFRACTIVE INDEX 


The absorption of water by dried gels is influenced not only by the 
previous history of the gel itself, but also by other solutes present in the 
solvent. 
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It has recently been pointed out in a paper by Huttig (1924), who assumes 
a crystal lattice in the colloidal state, that water in combination with colloids 
may fall into four classes. 


(a) Water occupying fixed positions in the lattice. 

(b) Water free to move in the lattice but in equilibrium with (a). 

(c) Water lying freely in the lattice. This is in capillaries of molec- 
ular size and subject to osmotic laws. 

(d) Water lying in colloidal capillaries, subject to osmotic laws. 


While the water taken up by a dried gelatin gel during imbibition 
in distilled water probably belongs mainly to classes (a) and (b), electro- 
_lytes in solution can affect the amount of water absorbed under classes (c) 
and (d). 

The swelling of dried gelatin has been investigated by many workers. 
This protein swells in water, but to an even greater extent in weakly acid 
or alkaline solutions. 

Procter (1914) investigated the swelling in hydrochloric acid. As a 
result of his experiments he concluded that if due allowance was made for 
the Donnan equilibrium at the interface between the jelly and the surrounding 
fluid then the whole behavior of the systems was in conformity with the laws 
of mass action as applied to a reaction consisting of the formation of ionizable 
salts between gelatin acting as a weak base and hydrochloric acid. In the 
swollen gel the distending forces were osmotic, and due to the excess of 
free-chlorine ions in the gel as compared with the external solution. The 
“membrane” between the two phases rose from the cohesive forces of the 
gel and the non-diffusibility of the gelatin ion. A molecular network in the 
gel was conceded, but Procter considered gel structure to be of molecular 
dimensions and gels to be solid solutions. 

Procter’s work was extended later by Procter and Wilson (1916) and 
Procter and Burton (1916), but his original views were not altered. The 
present writer (1920), later repeating and extending the work started by 
Procter, came to a different conclusion as to the theory of gel structures 
which best covered the phenomenon of swelling. Working in both acid and 
alkaline systems, and studying in particular the behavior of the swollen gels 
on being transferred from a liquid medium to an atmosphere of saturated 
water vapor, the following theory seemed best to cover the facts: that the 
gelatin in gels is in two forms, the un-ionized, so-called iso-electric gelatin 
and the ionized salt form, 7.e., gelatin hydrochlorides of various degrees of 
saturation or sodium gelatinates as the case might be; that the un-ionized 
iso-electric gelatin formed a solid framework through the gel and was the 
seat of the elastic forces; that gelatin in the form of ionized salts was pres- 
ent in solution in the liquid phase of the gel and was the origin of the dis- 
tending (osmotic) forces; and further that unless both forms of gel were 
present, the gel state would be an unstable one, z¢., that for a gelatin-water 
gel the existence of a third substance, such as a gelatin salt, was necessary.* 
This prediction was confirmed later by the writer (1920) and by Field (agZr) 
Smith (1921) for one per cent gels, though the latter found that higher 
concentration gels were more stable. It is interesting that Jordis (1902) also 
found a third component to be necessary for the formation of silica gel. 


* Since ge.atin is not a definite chemical entity, it is questionable to speak of “gelatin chloride,” 
etc. The phenomena may be consequent on the co-existence of larger and of smaller aggregations, the 
larger ones devoid of kinetic motion, the smaller ones nearer to solution. See ‘‘Glue and Gelatin,”’ 
by J. Alexander, A. C. S. Monograph, 1923. Alpers 
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The osmotic nature of certain types of swelling found with gelatin has not 
been demonstrated directly for other gels, but Dokan’s (1924) recent work 
on the swelling of agar-agar suggests that the state of aggregation of the 
gel colloids or coherence of the gel framework is influenced by electrolytes 
in solution which thus affect the behavior of the gel. Katz and Mark 
(1924-1925) have shown that with inulin and cellulose under certain condi- 
tions swelling is accompanied by an enlargement of the crystal lattice, but too 
much stress cannot be laid on this evidence as they were not dealing with 
gels in the strict meaning of the term. 

Katz (1918) studied the swelling of gelatin gels especially from the point 
of view of the changes of the total volume of gel and imbibed fluid, and of 
the evolution or absorption of heat. As is well known, during swelling there 
is a loss of total volume and an evolution of heat. Katz states that the 
behavior of a gelatin gel while swelling is exactly parallel to that of a strong 
solution on dilution, and compares it especially with the two systems sul- 
phuric acid and water, glycerin and water, and concludes therefore that a gel 
is a solid solution. 

Mardles (1923), dealing with the organosols and gels of cellulose esters 
and resins, finds that the volume contractions are in general smaller than 
those in aqueous systems. Following density and refractive index changes, 
he also states that although there are no breaks in the curves over the sol-gel 
transformation zone, there is a definite change in direction that indicates a 
change in molecular aggregation or pattern as the passage from sol to gel 
takes place. He also considers that Walpole’s (1913) data on the refractive- 
index-temperature curve in gelatin indicate a change of direction near the 
setting point. Walpole himself regards the curve as linear, and Davis and 
Oakes (1922) and Taffel (1922) consider the density concentration curve of 
gelatin gels over the setting point is linear. 

Laing and McBain (1920) find the refractive index of a soap sol is un- 
altered on setting. 


VISCOSITY 


The viscosity of a heat-reversible gel rises steadily with falling temperature 
until the sol passes without any abrupt transition into a gel. It has, there- 
fore, been held that a gel is only a limiting case of a viscous liquid and is free 
from any ordered and rigid structure. 

Two recent papers by Bogue (1922, 1) and Mardles (1923, 2) dealing 
with aqueous and non-aqueous systems respectively, both suggest that the 
slip occurring in gelling systems near gelation is more characteristic of a 
plastic solid than of a viscous liquid, i.e., there is definite though. small 
resistance to shear. Bogue was examining gelatin-water, and Mardles cel- 
lulose acetate in benzyl alcohol. These observations both count against the 
idea that gelation is due merely to increased viscosity. It is interesting 
also in this connection that the pg range of increased viscosity of gelatin- 
water sols (Loeb, 1922) corresponds to the range of diminished capacity for 
gelation (Jordan Lloyd, 1922). Among other workers may be mentioned 
Garrett (1903), van Schroder (1903), Levites (1908), Gokum (1908 ) 
Schorr (1911) and Hess (1922). All these have found a time factor in 
viscosity measurements which can be accounted for by assuming that during 
the time occupied in reaching constant values for the viscosity, a definite 
orientation of molecules or particles is taking place in the system. 
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DIFFUSION AND CONDUCTIVITY 


The evidence on the diffusibility of electrolytes through gels has always 
had an important bearing on the question of structure. Graham (1850, 1851, 
1862) found that crystalloids in general can diffuse through a gel at a rate 
which differs by very little from their rate of diffusion in water. These 
results were confirmed by de Vries (1884), Voigtlander (1889) and Duman- 
ski (1907). The recent work of Stiles and Adair (1921) and Stiles (1923) 
on the penetration of electrolytes into gels has also led these two investigators 
to conclude that chlorides and sulphates diffuse through gels in the same 
manner in which they diffuse through water, and they again emphasize the 
comparatively slight influence which concentration of the gel has on the 
diffusion rate compared with its influence on viscosity. They find that in 
gels (gelatin and agar-agar) increased concentration of gelator up to 2 per 
cent tends to decrease the rate of diffusion of the electrolytes. Further 
increase leads to further but very slow decrease in the rate of diffusion. 
They consider that these facts can be brought into harmony with the usual 


diffusion equation, namely 
: ; 1 
Diffusion = es 
viscosity 


by supposing the first addition of gel substance to increase the quantity in 
solution, increasing viscosity and decreasing diffusion in the normal way, but 
that later additions (2 per cent up to 16 per cent) have only the effect of 
adding to a solid structure. It seems a pity that a few observations were 
not made at 36 per cent on the gelatin gel where, according to Hardy (1900), 
the liquid phase becomes discontinuous, and therefore diffusion should cease. 

The experimental work of other writers on the hindrance by gels to the 
diffusion of colloidal dyes (Herzog and Polotzky, 1914) is in harmony with 
the theory that diffusion has to take place through the capillaries of a sponge- 
like structure, since, where the capillary diameter and the diffusing molecule 
become of the same order of magnitude, this interference might be expected. 

The work on diffusion illustrates most conspicuously the great difference 
between a gel and the extreme case of a viscous fluid, a glass. 

Some interesting work is reported by Callow (1925) on the velocity of 
ice crystallization through gelatin gels supercooled to — 3°. In such gels 
seeded with an ice crystal, the ice face advances slowly through the gel along 
definite tracks, at a rate depending on the concentration of the gelatin and of 
any electrolytes present. If such a frozen gel is thawed, recooled, and again 
seeded with the crystal, separation of ice now takes place at an enormous rate, 
apparently along the tracks previously made. These facts suggest that the 
first separation of ice had irreversibly ruptured some rigid structure in the gel. 

Very closely allied to the evidence on diffusion is that on conductivity in 
and by gels. Here again in both sols and gels the interference with the 
migrating ion is of a very much lower order of magnitude than might have 
been anticipated from viscosity measurements. Graham (loc. cit.) considered 
that the presence of the gel substance does not affect conductivity and Ar- 
rhenius (1887) states that in a system consisting of gelatin, water and salt, 
the conductivity is the same in both sol and gel. Laing and McBain (loc. cit.) 
find in a “system soap-water, conductivity is the same in both sol and gel 
state at the same concentration of soap and at the same temperature. Martin 
Fischer, however (1924), finds that the electrical resistance of soap solutions 


776 COLLOID CHEMISTRY 


shows a very marked increase at and below the gelling temperature. In both 
these series of experiments the conducting ion and the gel forming material 
both come from the same source. Hatschek and Humphry (1924) have 
measured the conductivity of copper sulphate in the presence of agar at 50°. 
At this temperature both the gel and sol condition of agar solutions can be 
maintained indefinitely. In this system the colloid and the conducting ion 
have an independent origin, and it was found for both direct and alternating 
current that the conductivity was about 2 per cent higher in the gel than in 
the -sol at the same concentration and temperature. The results are inter- 
preted as showing that the migrating ions travel only in the liquid phase of 
the gel, where their speed of movement varies inversely as the viscosity. In 
a gel the viscosity of the liquid phase is less than in the sol at the same con- 
centration and temperature owing to separation of part of the colloid as a 
solid phase. 


GELATION AND CRYSTALLIZATION 


Gels have mechanical properties of solids and the weight of evidence sup- 
ports the theory that they have a rigid phase which possesses the characters 
of a solid. The problem remains as to whether this solid phase is amorphous 
or crystalline. The results of X-ray analysis are only definite with cer- 
tain gels such as the hydrogel of silica and of stannic acid; with the hydro- 
gel of gelatin, the question seems to be left open, though the recent work of 
Katz and Gerngross (Joc. cit.) is suggestive of molecular orientation. Levites 
(1908) compared gelatin to crystallization and Von Weimarn (1908) who 
defines as “crystalline” any solid unit (from a single molecule upwards) 
having asymmetrical fields of force around it, considers that all precipitation is 
crystalline in nature, and he regards gelation as a limiting case of precipitation. 

After an extensive investigation on the form of precipitates, he summed 
up his experimental results in the form of the following equation: 


a 
Nise ip 
where L is the solubility 
P is the degree of super-saturation 
K is a factor involving viscosity 
and N is the number of crystallization centers. 


The factor P is naturally influenced by the diffusion constants, 7.e., by molec- 
ular mass, and both P and K are functions of the temperature. 

Where K and P are small, and L is (relatively) large, the value for N 
will be small and the resulting precipitate will be in the form of a (compara- 
tively) small number of large crystals. Where K and P are large, and L 
is small, N will be at a maximum and the precipitate will be in the form of 
an enormously large number of infinitely small crystals. Under this condition 
the whole system sets to a gel which von Weimarn describes as “ein krystal- 
linisches Schwamm” (a crystalline sponge). Von Weimarn’s equation sum- 
marizes the empirical facts that high molecular weight and low solubility are 
frequently the properties of gelling substances and that conditions which 
lead to super-saturation, such as rapid cooling or very slow mixing of solu- 
tions, also favor gelation. 

During the last few years the classical work of the Braggs has made clear 
the distinction between amorphous solids and crystals. An amorphous solid 
is really only the limiting case of a liquid. In the majority of liquids the 


THE PROBLEM OF GEL STRUCTURE 777 


units have considerable powers of changing their place in the system. Much 
evidence ‘is slowly accumulating that in liquids the molecules may be associ- 
ated into groups of twos, threes, or perhaps even higher numbers. Although 
the molecules in these groups must be arranged in a definite order in their 
relations to each other (Bragg considers that the groups must be capable 
of being embodied in the elementary crystal units (1923)), the liquid as a 
whole is an asymmetrical agglomeration of units. The freedom of the units 
_to move over each other is measured by the viscosity, and in cases where 
the viscosity is infinitely great, the power of translational movement of the 
units is lost and the system becomes an amorphous solid or glass. It is still 
a system without symmetry. It is now known that in crystals the units are 
arranged in a pattern which has a definite symmetry in three-dimensional space. 
In crystals such as sodium chloride the units are the individual atoms, but 
in crystals of organic substances the molecular pattern is preserved and the 
molecules are oriented into a definite three-dimensional pattern. The essence 
of the true solid state, the crystal, is structural order. The attainment of 
this order is accompanied by the evolution of heat—the latent heat 
of crystallization. It might therefore be thought possible to obtain evidence 
as to the nature of the solid phase in gels by a study of the heat relations 
of gelation, but very little experimental work has been recorded. Wiedemann 
and Liideking (1885) point out that although dry gelatin absorbing water 
liberates heat, yet on solution heat is absorbed. As gelatin becomes more 
soluble with rising temperature, therefore, it behaves like the majority of 
crystalloids. Mardles also (1923) points out that the maximum gelation 
temperature-concentration curve of cellulose acetate in benzoyl alcohol re- 
sembles the temperature-saturation concentration curve of  crystalloids. 
Hardy (1912) finds that with azomethine gels a certain quantity of heat 
has to be withdrawn from the system in order to bring about gelation, but 
that a further quantity has to be withdrawn before the true crystals separate. 
He points out the similarities between gelation and crystallization, namely that 
a solution may be super-cooled with respect to gelation and that such super- 
cooled solutions may be caused to gel by (1) slight warming, (2) Tapid 
shaking, (3) sowing with already formed gel. The presence of nuclei in a 
solution also favors gelation, and in the case of azomethine gels even seems 
to be essential. Nevertheless Hardy concludes: “The process has many points 
of resemblance to crystallization but the masses (of azomethine gel) are not 
crystals unless the sphere be admitted as a crystalline form.” Again: ‘These 
masses (of azomethine gel) have all the appearance of crystals. They are 
not crystals, however. They are singly refractive. .. . The true crystals of 
azomethine are doubly refractive.’ “The gel never changes directly into 
crystals. The true gel is completely stable with respect to crystals, but the 
component large masses melt at their surfaces only and the fluid so formed 
deposits crystals.” 

It is perhaps valuable to recall at this stage the anomalous form in which 
crystals separate from solutions in which colloidal material is present. Reinders 
(1911) gives as an example the crystallization of silver chloride in the pres- 
ence of methylene blue. The crystals are elongated and branched. ‘The 
writer has found that glucosazone separating in the presence of dextrin may 
appear as globules and fail entirely to take on the well-known crystalline 
form. How far these anomalous crystals have an orthodox space lattice is 
unknown.” 

* See paper by J. Alexander, this volume, p. 11. J. A. 
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Tue THEORIES OF GEL STRUCTURE 


The theories that have been put forward to account for gel structure car 
be classified under four headings. 

The Solid Solution Theory of gels is supported by Procter (1914), Procte: 
and Wilson (1916), Hayes (1914), Katz (1918), Sheppard and Elliot (1922) 
and Laing and McBain (1920). Laing and McBain consider that in both so 
and gel of soap and water systems there are “ionic micelle’? which may be 
come visible under the ultra-microscope. There is therefore in their theory < 
possibility of a second phase, but it has no connection with the sol-ge 
transformation. Martin Fischer (1924) has suggested that gelation of soaj 
solutions is due to the inversion of a “soap-in-water”’ to a “water-in-soap’ 
solution. 

The Liquid-Liquid Theory of gel structure was proposed by Ostwalc 
(1909). It has already been stated that viscosity experiments had suggestec 
that the gel was the limiting case of a viscous liquid. The viscosity of a solu- 
tion is a function of the volume occupied by the solute and where the syster 
consists of two immiscible fluids, the viscosity is a function of the concen- 
tration of the dispersed phase (Hatschek, 1912). A highly viscous system 
such as a gel might, therefore, conceivably be formed by the separation of twc 
liquid phases. Hatschek (1916, 1917), however, has shown that the mechani- 
cal properties of such a system do not correspond with those of true gels. 
Hardy finds that an emulsion of ether and water can be made to simulate a 
gel by the addition of a trace of iodine which forms a solid film at the inter- 
face of the two fluids (personal communication ).* 

The Solid-Liquid Theory, in various forms, is the one which has to-day the 
adherence of the majority of workers on colloids. 

The Micellar Theory of gel structure postulates a discontinuous granular 
solid phase dispersed through a liquid phase. This theory carries with it the 
halo of tradition. Frankenheim (1835) and van Nageli (1858) both con- 
sidered the solid part of a gel to be crystalline. Van Nageli considered that 
gelation was due to the separation of numerous crystalline micelle, each of 
which carried round itself concentric shells of the dispersion medium. The 
solidification was thus due to the adsorption of the major part of the fluid 
on the micellz. The micellar theory in its essential details is supported by 
Zsigmondy (1911), Bachmann (1912), Arisz (1915, from observations on 
Tyndall cone effects), and Bradford (1918, 1920, 1923). 

The alternative form of the solid liquid theory can be called the Fibrillar 
Theory. It differs in mechanical pattern from the micellar theory in that the 
solid phase is assumed to be continuous. It appears to have been first sug- 
gested by van Bemmelen (1898), but was also put forward by Butschli in the 
same year. In Butschli’s “honeycomb” theory the fluid phase was held to be 
discontinuous. Most workers, however, regard both solid and liquid phases 
as continuous. Almost since the year of its origin, the solid-liquid two-phase 
theory of gels has given rise to discussion as to whether the solid phase is 
crystalline or is a solid solution. The problem is not without its difficulties. 
Even a separation and analysis of the two phases, if it could be achieved, 
would not be conclusive, since wherever there is an aggregation of molecules 
to form a rigid type, there is in a sense a new phase, and at the interface 
between solid and liquid, the liquid will be adsorbed and oriented (see Parks, 


* Holmes has recently reported on emulsions made with iodine. See 2nd Colloid Symposium 
Monograph, 1925. 
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1902, 1903; Hardy and Doubleday, 1923). There seems to be very little 
doubt nowadays that in rigid gels of the silicic acid type, the solid phase is 
crystalline. In the elastic or heat-reversible gels the matter is more doubtful. 
It seems possible that in all gels the tendency is toward a crystalline structure, 
but that in some at least crystal formation is prevented, and the solid phase 
remains nearer in kind to the solid solution. The pattern of a gel as a three- 
dimensional solid framework or felt-work of fibrils which become joined at 
their points of intersection and so form a framework in the spaces of which 
fluid lies, was originally put forward by van Bemmelen, and has in its main 
plan received the support of Hardy (1899, 2, 1900), Freundlich (1922), 
Brailsford Robertson (1918), von Weimarn (1907, 1908), Hatschek (1912), 
Barrett (1921), Gortner and Hoffman (1921), Wolf and Rideal (1922), 
Bogue (1922), and the writer (1920), etc. The mechanism by which the 
framework comes into being is a matter on which different workers have dif- 
ferent views. Hardy and von Weimarn regard it as due to the separation 
of a new phase, the latter as specifically due to crystallization, Brailsford Rob- 
ertson to the coarsening of a pre-existing structure, Bogue to the elongation and 
hydration of catenary threads of hydrated molecules. Wolf and Rideal give 
an ingenious model of fibril formation, wherein the residual fields of the 
electrically unsaturated groups—S — S—(positive), carboxyl (negative) and 
the benzoyl-amino group (negative) are shown as linked resulting “in the 
formation of molecular aggregates arranged in echelon permitting the growth 
of needle-like or fibrous crystals.”’ 

If gel formation depends on the number of centers of crystallization, i.e., 
on the number of centers where the molecules of a dissolved substance are 
coming together in an ordered pattern, it does not seem impossible that 
where the number of these is very great, the molecules may form chains 
rather than solid blocks. At present the study of molecular pattern is in its 
infancy and more experimental data need to be accumulated. The relation 
of the gel substance to the solvent also needs further study. In the case of 
gelatin and water, there is undoubtedly association between the two (Jordan 
Lloyd, Bradford, Bogue, etc.). Bogue has been so impressed by this fact that 
he has perhaps rather over-emphasized its importance in the gelling process. 
Since there is no association between water and dibenzoyl-cystine (Wolf and 
Rideal), nor between camphoryl phenyl thiosemicarbazide and alcohol (Hat- 
schek), and yet since both these systems form gels, the association between 
solvent and gelator is obviously not a sine qua non for gel formation. More- 
over, even in the case of gelatin and water, the following statements, all 
founded on experimental evidence, have to be brought into harmony: 


(1) That the viscosity of a sol is due to the hydration of the particles. 
(Hatschek). : 

(2) That the ionized particles in a protein solution are more heavily hy- 
drated than the non-ionized (Hardy, Hatschek, Loeb). 

(3) That the gel framework is formed from un-ionized gelatin (Jordan 
Lloyd). 

(4) That viscosity varies with reaction (py) (Loeb). — 

(5) That over the same py range where viscosity is increased, the tend- 
ency of the sol to gelate is decreased (Jordan Lloyd). 


It is obvious, therefore, that mere hydration of threads is not a cause of 
gel formation, although it accompanies it in the case of the gelatin-water gel. 
There is no need to assume that all gels have the same molecular archi- 
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tecture—There is little doubt, however, that they all possess a solid phas 
and have therefore definite molecular orientation on both sides of the intet 
face. Some important work in the shape of gas bubbles in gels has a beat 
ing on this point. As is well known, gas bubbles produced in a fluid (how 
ever viscous) are always spherical, but gas bubbles produced in gels ar 
lenticular. This shows that the strains in the gel have a certain orientatior 
But the orientation of the lenticular bubbles is entirely fortuitous (Hatschel 
1914), we., the gel differs from the crystal in having no cleavage planes 
There is no doubt, however, that crystallization and gelation are very simila 
processes. On the theory put forward above, crystal formation and fibril for 
mation would also be of a similar nature, and the recent interesting observa 
tion of Bailey (1923) that in saturated solutions of salicylic acid the solution 
may deposit crystals in fibrils, opens up a new field of experimental study. 


CoNCLUSIONS 


1. A gel is a system which possesses mechanical rigidity yet allows diffusio1 
to proceed throughout its mass at a rate similar to that in liquids. It mus 
therefore contain molecules which only vibrate about a mean position, anc 
which constitute a solid phase, and molecules which migrate throughout thr 
system and constitute a liquid one. 

2. Gels consist of two components, a liquid solvent, and a solid solute 
The determining property of the solute is that at the temperature range of th 
gel state, it is only very slightly soluble in the solvent. 

3. Gels are only formed from super-saturated solutions. 

4. Two-component gels are unstable systems and break up sooner or late: 
into solvent and crystalline solvee. 

5. The addition of a third component which may be the gelator in salt forn 
frequently stabilizes the gel condition. 

6. The mechanical properties of a gel may be based on two models: 


a. Where there are two continuous phases, one liquid and the other a solic 
solution. With increasing concentration of gelator in this model the 
liquid solution phase will finally become discontinuous and the systerr 
will approximate to a glass. Agar-agar and commercial gelatin gels 
probably belong here. 

b. Where there are two continuous phases, one liquid and the other solid 
but with the molecules in the solid phase showing structural order 
i.e., Showing the property characteristic of crystals. Dibenzoyl cystine 
and most of the true two-component gels probably belong here. 


7. An emulsion of two liquids can be made to simulate a gel if a third 
component is introduced which forms a continuous solid film at the interface. 

8. Gelation is a process closely parallel to crystallization and accompanied 
in most cases by evolution of heat. When crystallization occurs from a gel, 
however, there is a further evolution of heat. Gelation therefore is a partial 
transformation of the gelator from the liquid to the solid state. 


In conclusion it is suggested that the great need at the moment in the study 
of gels is a re-investigation of gel properties in systems uncomplicated by ionic 
reactions between gelator and solvent such as occur in nearly all the hydrogels 
of gelatin. A beginning has been made in this direction in the recent work 
of Mardles, but a full investigation of the physical properties of a system 
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where the gelator is a substance of known molecular structure, which can 
readily be obtained chemically pure in crystalline form, and where the solvent 
is an inert organic fluid of (as near as possible) the non-associating type, 
would undoubtedly throw fresh light on the mechanics of the gel state. Most 
important of all would be evidence on the dimensions of the gel framework, 
and on its nature (crystalline or amorphous) ; on the orientation of molecules 
on either side of the interface between solid and liquid; and on the nature and 
‘strength of the forces acting at and across this interface. 
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Diffusion in Jellies 
By Dr. Rapuaet Ep, Liesecane, Frankfurt a/M., Germany 


Diffusion in jellies is free from those convection disturbances, which are 
hardly to be avoided in liquids. When, coincident with the diffusion, a chem- 
ical reaction forms insoluble products, these remain at their place of origin 
it the diffusion establishes a state of pronounced supersaturation. The phe- 
nomena of supersaturation are more distinct as there is no convection and the 
distribution of nuclei is controlled—in any event there is to be considered 
the possibility of a chemical or colloid-chemical reaction between the substance 
diffusing in and the substance forming the jelly. 

Similar is the behavior of porous bodies, whose pores are filled with liquid 
to such an extent that there is no chance of capillarity causing motion of the 
intruding liquid. Therefore observations made on jellies are of great im- 
portance for the explanation of the phenomena of diffusion in mineralogy and 
geology. ; 

As with liquids, here too we must differentiate between the quantity of 
the diffusible substance, which intrudes per unit of time and of volume, and 
the distance covered per unit time. This means that there are two different 
kinds of “speed of diffusion.” When AgNO, intrudes into a jelly of gelatin 
containing NaCl, its path is shorter than in a jelly free from NaCl, because 
the concentration of AgNOs is constantly diminished by the formation of 
AgCl. At the same time the rate of concentration becomes more rapid. In 
consequence of this the quantity of substance intruding into the jelly is in- 
creased according to the law of Fick. 

Between jellies and porous bodies filled with liquid, several investigators 
have seen only a quantitative difference. The pores in jellies are said to be 
merely very much smaller. The ultrafiltration of Bechhold seems to sup- 
port this assumption. According to this view, diffusion is said to take place 
only in the liquid, which fills the pores. The solid part diminishes the quan- 
tity of water and therefore must diminish the quantity and the path of the 
substance diffusing in. Besides we must remember that in this view of the 
nature of jellies, a great part of the water can be in a special condition, be- 
cause it is condensed by adsorption at the capillary walls. The differences 
from a diffusion in pure water may become still greater by assuming, e.g., 
as did Wo. Pauli, that certain jellies are not only ultraporous but also hetero- 
geneous. Diffusion is slightly obstructed by the jelly-forming substance. 

In recent times one has often looked upon the motion and the dispersion 
of colloidal particles in water as being of the same nature as that of sugar 
molecules in watér (a non-electrolyte is chosen to avoid the complications in- 
volved by ionization). But the Brownian motion is caused by the impact 
of the molecules of the solvent, whereas in the case of the sugar molecules 
there exists ia addition another tension toward dispersion, which is inde- 
pendent therefrom. Only the latter should be called diffusion. Bayliss has 
shown that the Brownian motion ceases as soon as a gelatin solution stiffens 
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to a jelly. But this is not the only reason why a spontaneous movement o 
colloidal particles is usually impossible in a jelly.* Colloidal particles ar 
mostly thicker than the hypothetical capillary tubes of the jellies. Molecularl 
dispersed solutions of substances with a very great molecular weight (e.g 
hemoglobin) which at the same time belong to the sphere of colloids, may fo 
the same reason be prevented from intruding into jellies, though they ma 
really diffuse in aqueous solutions. The mechanism of the ability of 
freshly prepared SiO, sol to dialyse still remains unexplained. Perhaps i 
this case the osmotic pressure of molecularly dispersed substances present i 
the liquid, causes a sort of ultrafiltration. 

Dialysis is practically the same thing as diffusion in jellies, only it per 
mits us to recognize more distinctly the processes going on inside of th 
membrane. As the water on one side of the membrane is continuously re 
newed, the thinness of the membrane produces an extraordinarily rapid rat 
of concentration. 

A characteristic experiment to show a reaction between the diffusing an 
the jelly-forming substance, is one with FeCl; and gelatin-jelly. Euithe 
Fe(OH), is adsorbed by the gelatin, or a chemical compound is formed witl 
the gelatin. This brownish colored gelatin is strongly tanned. HCl migrate 
in advance and causes the gelatin to swell. 

In such reactions with the jelly-forming substance or with substance 
which are distributed in the jelly, the diffusion is in most cases sharply limite 
in contrast to the very quiet and gradual diffusion, when there is no re 
action. But in the case of a reaction with a (soluble) constituent of th 
jelly, there may also be no sharp limitation, when the product of reaction 
before assuming the solid state, is still in supersaturated solution. 

HCl intruding into a gelatin-jelly to which an indicator has been added 
shows not only a very sharp limit, e.g., from red to blue in presence of litmus 
or at a somewhat different place from white to red in presence of slighth 
alkaline phenolphthalein, but also independent therefrom a limit in which the 
isoelectric point is reached, and which is distinguished by characteristic re 
fraction of light. The rate of concentration existing in such a preparation 
renders it comprehensible that in a local formation of acid in the jellies o: 
an organism, there may be successively reached those py’s in the surround. 
ings, which form optima for the action of enzymes, etc. 

When in a cylindrically formed jelly NaCl intrudes from one side anc 
AgNO, from the other side, both diffusion streams meet nearly in the middle 
of the cylinder, with formation of AgCl. N. Pringsheim has stated that sucl 
a precipitation membrane always develops to that side where the (molecularly) 
less concentrated solution is present. When NaCl and AgNOg are presen 
in equivalent concentrations, the membrane expands only slightly but grow: 
extraordinarily dense. In this case intersusception instead of appositior 
takes place. These membranes can assume a very high degree of imper. 
meability. In the former case the membranes are partially permeable, so tha 
by subsequently raising the concentration of the weaker solution the precipi. 
tation membrane grows in the opposite direction. This seeming semiper. 
meability is therefore dynamic in nature. The formation of a precipitate i: 
not necessary for it. Also in organisms many membrane-like actions may be 
imitated by such conditions. 

Some seeming exceptions to the rule of Pringsheim can be explained by 


*TIn ultrafiltration they are impelled by the external pressure which has a relati 
Brownian motion and not to the diffusion. ion to the 
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the diffusion of the supersaturated solution first formed by the product of 
reaction. In this way the precipitate can expand between the circles of dif- 
fusion of K,Cr,O; and AgNO, in both directions, producing sometimes 
peculiar structures, which resemble garlands or wreaths. 

On immersing a layer of gelatin-jelly containing some NaCl of medium 
concentration in solutions of AgNO, of different concentrations, formation 
of AgCl inside the jelly takes place only when the AgNO, solution is of a 
definite concentration. In other cases NaCl diffuses out of the jelly into 
the surrounding liquid, and the jelly remains free from AgCl. Between 
this exogenous and endogenous formation, a superficial membrane of AgCl 
develops, which can become very dense. On putting jelly layers containing 
NaCl solutions of different concentrations in an AgNO, solution of medium 
concentration, similar results are obtained. 

The salt present in the jelly acts to the salt in the aqueous solution as if 
it were less concentrated. On adding gum arabic or another hydrophilic 
colloid to the outer liquid, the solution behaves, on diffusing in, as if it were 
less concentrated. These phenomena suggest the addition of a hydrophilic 
colloid, which is able to replace to a certain extent the colloids of the blood- 
serum, to physiological salt—or the Ringer’s solution. 

On trying to test for a phosphate (such as Na,PO,) within a jelly, with 
molybdate reagent, in all proportions of concentration a precipitate is formed 
exclusively in the outer liquid. This is verified by the fact that molybdic 
acid, according to L. Wohler, is not dissolved to molecular dispersion but only 
to colloid dispersion. Hence it is unable to diffuse into the jelly. When 
the jelly contains Ca;(PO,)»2, the formation of the precipitate goes on in the 
same way in the outer liquid, because the Ca salt is dissolved by the HNO, 
diffusing in. MacCollum, among others, has tried to test with this reagent 
for phosphates in situ in histological preparations. These and other experi- 
ments of like kind must prove a failure. 

The reason is that soluble salts distributed in a jelly always diffuse in 
the direction of the precipitate-producing substance which has diffused in, 
because precipitation means removal of ions, which tend to distribute them- 
selves equally in a given space. Hence a decrease of concentration is formed 
round a drop of AgNO; which has been put on a jelly layer containing 
NaCl. If two drops of AgNO; are put on some distance from each other, 
deformations of the AgCl rings are obtained when the two coronas touch. 
Between the two drops there can be finally no replacement of NaCl from 
greater distance. There the AgNOs finds less resistance and can proceed 
further than in other directions. The AgCl masses seem to attract each other. 
When they meet lemniscate-like curves are formed such as are found in geol- 
ogy in the lime concretions of Imatra-stone. Perhaps also the growing towards 
each other of the lime precipitations of two neighboring centers of ossifica- 
tion, can be thus explained. 

Coronas of reduced concentration are also formed when the substance 
is removed at particular places by other means. When a little bit of char- 
coal is placed on a jelly containing methylene blue, equally distributed, the 
dye migrates to the carbon because it is adsorbed there. In this case also 
the rate of concentration becomes so very rapid that in the neighborhood 
of the carbon a considerable decolorization takes place. Those places in a 
living tissue, at which synthesis of albumin occurs, seem to attract amino- 
acids from the milieu, because these constituents of albumin there disappear 
from solution. This is an essential factor in assimilation, 


786 COLLOID CHEMISTRY 


A piece of jelly containing NaCl when placed in a stronger solution of 
AgNO, is certainly penetrated by the latter. But the inner part remains 
free from AgCl, because all NaCl there has diffused in direction to the AgNOs. 
Hence it is impossible to dye a histological preparation uniformly with sil- 
ver chromate according to the process of Golgi, because the K,Cr,O;, with 
which it was fixed, diffuses in direction to the AgNO3. 

For the same reason AgNO, diffusing in a cylinder of jelly containing 
NaCl, or alkali diffusing in a jelly containing acid, finally undergoes accelera- 
tion; for then these salts find less resistance. 

At the very beginning, the diffusion inward occurs much more quickly 
than after a few hours. Below the drop of AgNOsg placed on a jelly layer 
containing NaCl, the AgCl can be of such a high degree of dispersity that 
this zone is nearly transparent. Above it a very strong opacity is formed. 
There the NaCl had more time to diffuse in direction to the AgNO, and 
thus the concentration of the AgCl becomes a little higher. Below the drop 
the AgCl had no time to form larger aggregates of molecules. In many other 
reactions the newly formed substances get much less disperse at greater dis- 
tances from the surface. On reduction of AuCl, in a jelly of SiO., E. 
Hatschek obtained crystalline flakes of metallic gold of a few mm. in size. 
This means that many natural minerals do not require so long a time to be 
formed as is generally assumed, when they are formed by diffusion. 

A suspension of AgCl, as used in photographic practice, prepared in a 
solution of gelatin with slight excess of NaCl, when poured on a glass plate 
gives a layer of only very slight opacity, the AgCl being still of a very high 
degree of dispersity. A drop of AgNOs put on its surface does not increase 
the opacity, in spite of the additionally formed AgCl. But this occurs to a 
very marked extent in the neighborhood of a drop of NaCl. In this case AgCl 
is dissolved intermediately and it is possible that some particles grow at 
the expense of others. This way of diminishing the dispersity is called 
“Ostwald ripening.” An analytical chemist neglecting this fact might have 
concluded from the increase of opacity on addition of NaCl that there was 
an excess of AgNO, in the jelly. 

When an acid acts upon a mixture of powdered CaCO; and Ca;(POx,)., 
CaCO, is dissolved preferentially. The residue therefore contains relatively 
more Caz(PO,)2. For this reason Levy declared the acid theory of rachitis 
and osteomalacia to be erroneous, because on analyzing these pathological 
bones, he found the usual proportion between CaCO, and Cas(POu.)2, 1.e., 
no relative enrichment of the latter. But when both substances are distributed 
in a jelly they are both dissolved by an inwardly diffusing acid as far as it 
intrudes. On the other side of this limit the previous proportions remain 
unchanged. Thus the progress of the reaction is essentially changed, and 
the objection of Levy against the acid theory of these diseases is without 
foundation, though it was so acceptable to orthodox chemists, that for many 
years one hardly dared to advance a theory of these diseases. 

When a gelatin jelly containing NaCl dries on a glass plate, a portion 
of the NaCl diffuses from the borders, drying first to the middle of the plate. 
rom this impoverishment of the borders in soluble halide, Homolka has 
deduced the formation of a sort of veil at the borders of photographic plates. 
When, on drying, changes of temperature or irregular currents of air occur, 
these are marked by stronger and weaker crystalline spheres of salt, if it was 
present in excess. For some salts a change of exterior conditions is not neces- 
sary to produce such segregation. Rather regular segregation can be obtained, 


DIFFUSION IN JELLIES 787 


e.g., by drying a layer of gelatin jelly containing Na,PO,. E. Kiister especially 
has studied these rhythmical crystallizations.* In connection with the theory 
advanced by Wilhelm Ostwald for the rhythmic precipitation of silver chro- 
mate, one can suggest also in this case that the salt, on progressive drying, first 
reaches a state of supersaturated solution, and that afterwards the meta- 
stable limit is reached at one place, where the transition into the solid state 
occurs without presence of nuclei. Then a portion of the supersaturated 
solution diffuses from the neighborhood to the nuclei thus formed, where 
it becomes solidified as well. But of course we must still explain why the 
entire solution does not migrate to these nuclei. It is possible that this 
intermittent condition is produced by the drying of the jelly layer in the 
neighborhood of the nuclei, so that the diffusion becomes too slow, and a 
second and further metastable limit is reached only at some distance from 
the first one. Therefore it seems unwise from the observations made on 
plane preparations to infer immediately an explanation for the flaky decay 
of sandstone used in buildings with cement containing lime. Though in this 
case diffusion plays an important part, capillary action is an additional and a 
very essential factor. 

The supersaturation, produced in rhythmic crystallization by loss of water, 
may also occur when a diffusing salt reacts with a second one equally dis- 
tributed in the jelly, with formation of a difficultly soluble salt. Wo. Ostwald 
describes the following experiment: fill a test tube to the height of 15 cm. 
with a solution of 4 g. gelatin, 0.12 g. K,Cr.O, in 120 g. of warm water. 
After the jelly forms pour over it a 5 cm. layer of 8.5 g. AgNO; in a 100 c.c. 
of water. Or distribute the jelly in a thin layer on a glass plate and put on it 
a large drop of the AgNO, solution. When the latter diffuses, many 
horizontal thin layers of Ag,Cr.O; are formed, which are separated by broader 
layers free from or containing only very little precipitate (the complica- 
tions caused by the facile change of Ag,Cr.O, into Ag,CrO, may. be over- 
looked). On the glass plate many concentric rings are formed round the 
drop. In many other reactions similar rings appear. In a gelatin jelly E. 
Hatschek produced rings of Ca;(PO,)2, CaCO;, and BaCO,, J. Alexander 
rings of Prussian blue, Morse and Pierce of BaCrO,, Cu(OH).2, and HgBr. 
Alkaloids, according to Handovsky, are precipitated rhythmically on diffus- 
ing in gelatin containing K-+JI. The distances become especially large 
when on experiment with silver chromate a little citric acid is added to the 
jelly ; or when, according to J. Tillmanns, MnSO, diffuses into a gelatin jelly 
containing NH;. In agar jelly, according to Hatschek, PI, and PbCr.O, 
are separated rhythmically; according to R. Fricke, also thallo-iodide. In 
SiO, Hatschek and H. N. Holmes produced striped metallic gold; the latter 
also produced CuCrO,, Cu.O, Hgl,, and HgClh.f 

It is a question whether the supersaturation theory of Wilhelm Ostwald, al- 
ready referred to, is sufficient in itself to explain the phenomena. In spite of 
the objection made by Hatschek, it seems to be a certainty that supersatura- 
tion plays an important part. But there must be still another factor which 
corresponds to the drying of the corona in rhythmic crystallization. H. 
Freundlich thought that he could assume the “flocculation” of a primarily 
formed sol. But against this theory the objection was raised that in a jelly 
a motion of colloids can hardly be expected. According to S. C. Bradford, 
the formation of a corona is increased and therefore the rhythmic forma- 


* See also paper by du Noiiy, this volume. Ves 
+ See paper by H. N. Holmes, this volume. Teo At 
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tions are rendered possible by the fact that Ag,Cr,O, adsorbs K,Cr,O, o1 
itself and thus, so to speak, draws it out of the milieu. But in the spher 
where AgNO, and K,Cr,O, meet each other and react, there is no soli 
Ag.Cr.O; present at all at the beginning, but only dissolved Ag,Cr,O, 11 
the state of supersaturation. Therefore it is hard to believe that an adsorp 
tion of K,Cr,0, on Ag,Cr.O, takes place in that region. In any even 
some work is still necessary to explain rhythmic formation.* 

The bands in agates have been explained as a rhythmic precipitation o 
an iron compound in the original SiO, jelly. The preliminary jelly-like stat 
of the mineral, which is later on so very hard, has been found in nature 
Furthermore, the precipitation of Fe(OH), in rings in an SiO, jelly 1: 
easily produced experimentally. But agates often show such sharp corner: 
in their structure that considering the tendency toward rounding in diffusio1 
preparations, one feels inclined to doubt the resemblance in mode of origin 
Perhaps the crystallization of the jelly took place at the same time as the 
formation of the rings in the agate. There is much more resemblance tc 
the artificial preparations in certain epigenetic bands of Fe(OH), in some 
kinds of sandstone containing much clay. These bands are parallel to the 
surface or to slits. Or they surround concentrically the openings made 
previously by roots of plants. With some of these sandstones it is probable 
that originally a ferrous compound like FeSO, was equally distributed ir 
them and that on inward diffusion of O, oxidation and rhythmic precipita- 
tion of Fe(OH), took place. Some ores, e.g., a zinc carbonate as describec 
by S. F. Langhin, are supposed to have originated by rhythmic precipitation 
But there is the difficulty that before its transformation one component (the 
ore itself) being already insoluble, could not move in the direction to the in- 
wardly diffusing substance, and therefore a corona of reduced concentration 
could not be formed. 

As M. Watanabe has shown experimentally, metallic sulfides can be easily 
obtained in strata within jellies. We must still await which of these re- 
sults can be taken as an explanation of ore deposits, because in these cases a 
change in external conditions may also have caused layer or strata formation 
Furthermore, capillary action must also be considered. 

Still greater caution must be taken in transferring these facts to condi- 
tions in organisms. The closest resemblance may perhaps be to the precipita- 
tion of Ca salts in bone formation, which in many cases also occurs rhyth- 
mically. In the impregnation of histological preparations with silver com- 
pounds, artificial structures are easily produced by rhythmic precipitation. 
This yields, e.g., with Frommann’s recipes, pre-existent artefacts which are 
not as formerly believed. To make it possible for a macroscopical precipita- 
tion to occur rhythmically, the substance being formed must not be too diffi- 
cultly soluble nor must it be capable of reaching a very high degree of super- 
saturation. The latter condition is to be assumed for the precipitate, which 
easily occurs in the form of bands or strata on reduction of AgNO; by FeSO, 
or by photographic developers in a gelatin jelly. The observations made 
on physical development of silver images also confirm the possibility of a 
great supersaturation of metallic silver and its ability to diffuse in jellies. 
On the other hand the solubility and possibility of supersaturation are so very 
small with AgCl, that none or only microscopically thin bands occur. But 
there is a method of obtaining even this substance in very thick bands by 
means of a device. Let a drop of NaCl diffuse in a layer of gelatin jelly 

* See paper by S. C. Bradford, this volume. J. A. 
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containing a little AgNO;. At some distance from the drop place a little 
precipitated silver chromate.’ As soon as the ring of diffusing NaCl reaches 
this powder it becomes changed into AgCl. Instead of NaCl, Na,Cr,O, is 
set free, which now, on diffusing, once more forms Ag.Cr,O, with AgNQs. 
This is again reached by the NaCl, changed, and in this manner Na,Cr,O, 
is continuously set free. The silver chromate is formed in thick bands and 
the AgCl developing from it is also obtained in the same shape. A soluble di- 
chromate, when added to the NaCl drop itself, acts similarly as a catalyzer 
for the structure, 7.e., as a substance impressing its shape on another one and 
yet being found afterwards in its original condition. 


Owing to the very considerable concentration gradient found in diffusion in jellies, 
it is probable that there may come into operation the “zones of precipitation” referred 
to by Prof. A. Lottermoser in his paper, this volume, p. 670. 

The next three papers give some other aspects of the behavior of diffusible sub- 
stances in jellies; whose constituent particles are substantially fixed. J. A. 


Banded Precipitates in Porous Media 


By S. C. Braprorp, D.Sc., The Science Museum, London, S. W. 7. 


Under suitable circumstances, precipitates formed by diffusion of react 
ing solutions into gels, or other porous media, may be deposited in a num 
ber of separate bands, or layers, sometimes associated with large spherica 
aggregates. The density of the precipitates may diminish regularly as th 
diffusion progresses, until all the hypotonic reagent is exhausted, or ther 
may be periodic variations in the density of the precipitate of any degre« 
including actual discontinuity, when the precipitate separates in beautifv 
sharply defined bands with clear interspaces. Figure 1 shows the appear 
ance when 2 WN silver nitrate solution is allowed to diffuse into 1 per cen 


; ‘ N ; ; : 
agar gel made a to potassium dichromate and == to potassium citrate. Thi 


100 ae, 
curious phenomenon has been recognized as of importance in geology 
and biology °* and may be the explanation of the striated and laminated struc 
tures to which are due some of the most beautiful colors in Nature. 

The first record of the formation of noticeable structures, by the diffusio1 
of precipitating-reagents, appears to have been made in 1855 by Runge,® wh« 
experimented with precipitates produced in blotting paper. Monnier® anc 
Vesque '° observed that large crystals are formed by slow diffusion of re 
agents through filter paper and gels, respectively. Ord obtained growth form: 
and spherites by diffusion of ammonium oxalate and calcium chloride int 
an isinglass gel. The first systematic study of diffusion in gels was mad 
by Pringsheim,'? who allowed solutions to diffuse in opposite direction: 
through gelatin gels contained in the horizontal portion of a graduated U-tube 
He discovered the important law that, after the formation of a precipitate 
diffusion takes place only from the hypertonic into the hypotonic reagent 
In several cases Pringsheim observed the formation of two bands, which hi 
thought might be due to dissociation phenomena. Lupton” first producec 
a series of layers, which he did not investigate. But in 1896 Liesegang * 
placed a drop of strong silver nitrate solution on a glass plate coated witl 
moist gelatin containing a trace of potassium dichromate and obtained th 
remarkable series of rings now so well known. Perceiving the importance o: 
the phenomenon, Liesegang made a series of investigations. He showed tha 
none of the hypotonic reagent is left between the bands, and obtained simila: 
structures with various other insoluble precipitates. 

Having inspected Liesegang’s “astonishing” preparations, Wilhelm Ost 
wald** suggested that the phenomenon is due to supersaturation. This hy. 
pothesis has been supported by Morse and Pierce,1® who attempted a mathe 
matical analysis, and by Stansfield,** Holmes,?. Lord Rayleigh *® anc 
Notboom.*® 

The supersaturation theory has been criticized by a number of writers 
Bechhold *° showed that the production of banded ‘precipitates is influencec 
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by the effect of the reaction components on the solubility of the precipitate, 
and by their coagulating, or inhibiting, effect. Sir J. J. Thomson * supposed 
that the soluble substances produced by the reaction might act as stabilizers 
and prevent precipitation in their neighborhood, Moeller 7! suggested that 
the bands might be caused by structures pre-existent in the jelly, Dreaper 2? 
obtained bands of copper sulphide in sand, Freundlich and Schucht ** thought 
that precipitation might be due to electrolyte-coagulation of sols, and Mc- 
Laughlin and Fischer ** supposed that the diffusion might be interrupted 
temporarily by the momentary: formation of semipermeable’ membranes. 
Hatschek ** studied reactions in various gels, including the inorganic gel of 
silicic acid, and found that the particles of precipitates in gels are usually 


Fic. 1. 


microscopic spherical aggregates and generally larger than in water. He 
showed the difficulty of explaining by supersaturation all the complicated 
phenomena which accompany the formation of banded precipitates and pointed 
out that if, as Ostwald thought, the silver dichromate is deposited on the ring 
from the neighboring region, which is supersaturated in regard to this salt, 
it should be impossible to produce a set of rings in a gel already containing 
one, or sown with crystals of the insoluble precipitate, which is contrary to 
fact. Hatschek’s view of the inadequacy of the supersaturation hypothesis 
was endorsed by Wo. Ostwald.”® : 

Complete mathematical analysis of the supersaturation theory is not easy. 
Without this it is difficult to decide against it. But only precipitates that are 
very finely divided occur in the banded form, and the supposition that the 
precipitate acts, like fine powders are known to do, and adsorbs the dis- 


*In a lecture at the Royal Institution in 1912. 
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solved substance from the region of gel adjacent, affords a simple explanz 
tion 2’ of the separation into bands, the effect of the medium and all th 
numerous accompanying phenomena. It indicates also how to obtain bands c 
any insoluble substance. It will be seen that the adsorption theory is mot 
complete than the supersaturation theory, and includes the latter. 

In the formation of stratified precipitates two distinct problems are ir 
volved (1) the mechanism of precipitation and the crystalline form of th 
resulting precipitate and (2) the density of its distribution. The former 1 
connected with the general problem of solution,* which is still in an unsatis 
factory state. By gradual mixing of the reagents a metastable solution o 
the insoluble substance is formed until the ionic product reaches such a valu 
that instantaneous precipitation occurs.j ** The metastable limit is influence 
by the reaction products and reaction medium, but it is improbable that th 
particles of the metastable solution are as large as those of a sol, becaus 
diffusion *® is a necessary part of the phenomenon. 

By the formation of the precipitate the concentrations of the reactin, 
solutions are reduced, and diffusion gradients are set up towards the plac 
where precipitation is happening. The theory of solution shows that th 
particles of the insoluble precipitate have very much greater resultant attrac 
tion for like particles in the solution in the gel than for more soluble sub 
stances, or for the reaction medium. This is the mechanism by which crystal 
grow. If the precipitate is very finely divided it will have great adsorbin: 
power and reduce appreciably the concentration of the gel in its immediat 
neighborhood in regard to the insoluble substance. The rate of adsorptio: 
will be greater than the rate of diffusion, although solute can reach the nar 
row exhausted zone only by diffusion. Precipitation will continue until th 
concentration at the surface of the precipitate of the insoluble substance ha 
fallen to such a very small value that it is in equilibrium with the precipi 
tate under the conditions of the experiment. When this happens, the law 
of adsorption indicate that the concentration of the gel in the immediat 
neighborhood of the precipitate will be much less. The ionic product o 
the reacting solutions will correspond to this value, and the concentratio 
of the more dilute reagent will be very small indeed. Diffusion of th 
stronger reagent into this narrow zone will not produce a precipitate, an 
no further precipitate will be formed until the stronger reagent has reache 
a point where, with greater concentration of the dissolved substance, the ioni 
product has risen not merely to the solubility product, but to the metastabl 
limit. At this point the formation of a fresh band will commence and th 
adsorption of the reaction components from both sides of the band will tak 
place. Although the ionic product may fall below the solubility product onl 
in a very narrow zone, the distance between the bands may be much greater 

If the specific surface of the precipitate is less, its adsorbing power ma 
not be sufficient completely to prevent precipitation in the adjoining zone 
Then the hypotonic reagent will be more or less exhausted according to th 
grain size of the precipitate. If the precipitate is finely divided, the adsor 
tion will be greater, the concentration less in the adjacent zone and here b a 
Weimarn’s *” formula,* the precipitate will be coarser. This coarser am 
tate will cause less reduction of the concentration in its ie ates wie 
the formation of a finer precipitate, and the cycle will be repeated. | 


*See “The Sol-Gel Transformation,” this volume, p, 751. J. A 


} Actually the velocity of precipitation increases rapid] th Hie Howe ¢ 3 
Yecomes instantaneous. pidly with the ionic product until the velocit 
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Many facts support the view that the precipitate acts as an adsorbent. 
Phe strong adsorption of salts with common ions by difficultly soluble sub- 
stances is well known. In gels containing strongly colored substances (e.g, 
V/2OK;CrO, agar gel treated with N/5Pb(NO,). solution, see Fig. 2) the 
-xhaustion of the solute from the zone adjacent to the precipitate is strikingly 
lemonstrated. Moist precipitates and fine powders, placed upon gels in test- 
ubes, exhaust colored solute from them, quickly producing narrow colorless 
zones immediately beneath. With fuller’s earth and clay on gels containing 
leeply colored substances, such as night blue and magenta, the effect is 
remarkable, see Fig. 3. 

The more colloidal precipitates, like manganese sulphide (produced by dif- 
fusion of half molar manganese sulphate solution into 1 per cent agar gel 


. - | 
usec 


*tg. 2——Adsorption of potassium dichro- FIG. 3.—Adsorption of night blue by 
mate by precipitation of lead chromate. fuller’s earth. 


containing 0.25 per cent of liver of sulphur) sometimes form large spherical 
igeregates, whose shape indicates equal attraction of nutrient material from 
ull directions. When one of these aggregates commences to form in a zone, 
where a band subsequently appears, a concentric spherical cavity, free from 
precipitate, is left between the aggregate and the new band. An apparent 
exception to Pringsheim’s law may be caused if the ee adsorb the 
strong reagent much more than the weaker one. With 35 K,FeCy, diffusing 
against M/50CuSO,, after the formation of about 1 cm. of precipitate, con- 
sisting of very tiny spherical particles with marked density variations 0.5 
‘© 1 mm. in length, the precipitate will grow about 3 mm. more backwards, 
indicating diffusion in the direction of the ferrocyanide. When precipitation 
seases there is no copper in one liquid, but still some ferrocyanide in the 


ther. 
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If the precipitate be too dense, or too colloidal, the diffusion of the hyp. 
tonic reagent may be hindered so much that dissolved substance can diffu 
more quickly through the exhausted zone and there will be no separati 
into bands. The remedy is to make the precipitate more permeable. W: 
lead chromate this can be done by reducing the concentration of the 1 
agents. The opposite case occurs when the precipitate is too coarse to ext 
sufficient adsorption. The most well known cases of this effect are the chi 
mate and dichromate of silver, which develop beautiful brick-red rings 
gelatin, but only large black crystals in agar, see Fig. 4. This is a good e 
ample of the rule that the form of the precipitate is influenced by the nature 
the reaction medium. The non-formation of bands in agar is due to the la 
of specific surface. The reason why these salts have great specific surfa 


Na he 


Fic. 4.—Crystals of silver chromate in agar. 


in gelatin and very little in agar is part of the altogether separate proble 
of the crystalline form of the precipitate. Von Weimarn’s theory shows hx 
to increase the specific surface. It can be done by decreasing the solubili 
or by increasing the excess concentration before precipitation occurs. Sa 
of polyvalent acids increase enormously the metastable limit of silver chrome 
and dichromate. By adding soluble citrates, the excess concentration of t 
insoluble substance, and consequently the specific surface of the precipita 
can be increased to any desired degree. As the grain size decreases, t 
banding appears, grows more marked and then completely discontinuous, a 
finally the precipitate becomes too colloidal to form bands. The most bez 
tiful result is obtained with 2 N/AgNO, solution poured on 1 per cent ag 
gel made V/100 to K,Cr.O, and N/55 to KsCgHsO;, see Fig. 1. These pr 


ciples appear to be applicable to the production of bands of any substat 
sufficiently insoluble. 
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Recently Wo. Ostwald has suggested that the stoppage of precipitation at the end 
f a band is due to the formation of excess of one of the soluble components of the 
eaction, and that, when this diffuses away, precipitation begins again. He adds that 
nost reactions, which produce good stratifications, are “limited reactions” that cease 
vhen sufficient of the soluble by-product has accumulated, and that barium sulfate, the 
recipitation of which is typically complete, proved quite unsuited for producing good 
tratifications. However, the writer has obtained good stratifications of barium sulfate, 
nd extensive experimental investigation indicates that bands can be obtained of any 
omparatively insoluble substance. S. C. B. 


Reactions in Gels 


By Harry N. Hotmes, Professor of Chemistry, Oberlin College, 
Oberlin, Ohio 


GELS 


When a substance is formed in a liquid in which it is insoluble or whe 
conditions attending a substance in solution are so changed as to decrea: 
greatly its solubility, a precipitate is formed, crystalline or amorphous as tl 
case may be. ‘onsen 

When the precipitated substance holds much of the liquid in a more ¢ 
less solid mass it is referred to as a “gel” or as a “gelatinous precipitate 
A gel or, as it is often termed, a “jelly,” usually holds all the liquid at firs 
although free liquid may separate later.. In any event the gel has greate 
rigidity and elasticity than the gelatinous precipitate. Gel structure is mot 
uniform. However, any distinction between the two is rather arbitrary. 

Some distinction should be made between “true gels” of the agar, soa 
or gelatin type, in which the interlacing fibers undoubtedly adsorb muc 
water (or other liquid), and the “false gels” of the caffeine type, in whic 
coarse, interlacing, needle-like crystals entangle considerable water withot 
actually adsorbing it on the surfaces of the caffeine crystals. Of cours 
there must be gels of every gradation between these two extremes. 

Von Weimarn considered his best transparent gels as made up of ultr 
microscopic crystals.* 


Diffusion. 


The comparative ease of diffusion through gels indicates continuous chat 
nels of rather dilute solution. This is in accord with Butschli’s theory of 
honeycomb structure, although a filamentous or brush-heap structure will e> 
plain the facts just as well. J. M. von Bemmelen considered gels to be twe 
phase systems—a more concentrated solution as a network of cell wall 
enclosing a more dilute solution of the same substance. 

Graham overstated it, however, when he announced that diffusion of sal 
through gels was almost as rapid as through water. This is true only fe 
very dilute gels. Diffusion in the more concentrated gels is comparativel 
slow (Bechhold and Ziegler+). This regulation of the rates of diffusion ¢ 
solutions by gels has great influence on the formation of crystals, and, i 
some instances, on the nature of the reaction. The permeability of a gel ma 
be greatly affected by substances diffusing through it so that progressit 
changes may take place. Bechhold and Ziegler showed that the presenc 
of alkali, sulfates, alcohol, glycerol or glucose retard diffusion in gelati 
while chlorides, iodides, and urea accelerate it. 


Geology. 


The influence of certain gels—or jellies—on crystal growth is illustrate 
by many crystalline minerals. It is very probable that gelatinous silicic aci 
*See paper by P, P. von Weimarn, this volume, p. 27. J. A. 
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was the ancestor of quartz (except igneous quartz). In fact, when the 
Simplon tunnel was dug, G. Spezia* found a vein of white, gelatinous silica 
in the depths of the mountain. Such material by gradual dehydration became 
hard silica rock. In the gelatinous medium reactions took place under con- 
ditions favoring the formation of crystalline veins. For example, the reduc- 
tion of gold salts produced crystals of gold, veining the gel which later be- 
came quartz. A convincing part of this development can be reproduced in 
the laboratory. To the geologist a working method of duplicating many such 
processes of nature must be of great value. 

Hatschek and Simon * reduced gold salts in silicic acid gels by the use 
of oxalic acid, ammonium formate, ferrous sulphate, sodium sulphite, carbon 
monoxide, sulphur dioxide, hydrogen, ethylene, etc. When illuminating gas 
was used as a reducing agent a black deposit of carbon always appeared 
mixed with the gold. Since graphite sometimes occurs with gold in quartz 
veins, this experiment is suggestive. 

Hatschek’s usual method * of work was to make a 5-20 per cent gelatin 
gel or a 1-5 per cent agar gel containing, for example, a.small amount of 
potassium dichromate. This was allowed to solidify in a test-tube and cov- 
ered with a solution of silver nitrate. The silver ion slowly diffusing down 
into the gel reacted with the dichromate ion to form silver dichromate in 
small crystals. In 1911 Hatschek reported these crystals 0.5 mm. long in 
10 per cent gelatin, lead dichromate 0.03 mm. long in 2 per cent agar; 
lead chloride 2 mm. long in agar; barium carbonate 0.1 mm. long in 5 per 
cent gelatin; potassium sulphate 0.2 mm. long in 5 per cent gelatin. He 
also prepared a number of other crystalline compounds such as_ lead 
iodide, lead sulphate, lead chromate, calcium sulphate and barium. silico- 
fluoride. Later he used silicic acid gels as the media for diffusion and ob- 
tained larger crystals. In 1913 he reported lead chloride crystals 15 mm. 
long. 

His reduction of gold chloride in silicic acid with oxalic acid yielded 
beautiful crystalline gold and, by varying the conditions, colored colloidal gold. 

Simon® grew the well known “lead tree” in a silicic acid gel containing 
lead acetate. A bit of zinc or tin was pressed into the top of the gel. Holmes 
found that if the gel is about 0.02 N with respect to lead acetate a splendidly 
branching tree grows and may be handled roughly since it is supported on 
all sides by a solid. 

Pringsheim* states that when two salt solutions diffuse into a gel in 
opposite directions the reaction does not proceed beyond a thin film if the 
solutions are isotonic. A hypertonic solution continues to diffuse into a hypo- 
tonic and any precipitate formed is deposited in the latter. In accord with 
this idea Hatschek often added indifferent substances to the solution on top 
of the gel in order to ensure reaction below the gel surface. 

Dreaper ‘ dispensed with a gel as a medium for reactions and used a single 
capillary tube. For example, a capillary tube filled with 3 per cent lead 
acetate was immersed in 5 per cent hydrochloric acid. Crystals of lead chlo- 
ride nearly 1 mm. long formed in the capillary. Sand in wide tubes func- 
tioned the same as a single capillary. Dreaper considered relative rates of 
diffusion and concentration of the incoming solution to be the determining 
factors. Ga ; 

De Schulten,’ by the slow admixtures of extremely dilute solutions of 
barium chloride and sulphuric acid, obtained crystals of barium sulphate that 
in a month measured 5 mm. 
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Braun® believed that certain phenomena attending the formation of su 
phides and the deposition of copper in capillary spaces previously noted b 
A. C. Becquerel, are of an electrochemical nature as Becquerel had suggeste« 
These phenomena are partly dependent, according to W. Ostwald, on the sem 
permeability of precipitated membranes. é 

Cornu’s '° great series of papers on the significance of gels in geology ar 
an important part of the literature. 

With Cornu’s work must be mentioned the papers by Krusch ** and thos 
of Hatschek and Simon.?? 

Selective adsorption of the base from salt solutions is, doubtless, the firs 
step in the deposition of certain minerals. Kohler ** explains some coppe 
ores in this way, referring to kaolin as the adsorbing material. J. M. vo 
Bemmelen '* believed that aluminosilicate hydrogels in general were stron 
adsorbents. 

H. N. Holmes *® observed that the use of silicic acid gels offered the bes 
laboratory parallel to the gel processes in Nature. His methods of prepat 
ing such gels and of using them as reaction media may be of interest t 
geologists. He found it convenient to mix equal volumes of solutions of sodiur 
silicate and some acid, pouring the water glass into the acid and mixin 
quickly and thoroughly. Before the silicic acid set to a solid, one of th 
reacting salts was mixed with this solution which was then poured into test 
tubes. After the gel set the other salt solution designed to react with th 
first, was poured on top. The solution on top should have a greater osmoti 
pressure than the gel to ensure reaction within the gel instead of above th 
surface. Hatschek, as stated before, often added indifferent substances t 
the solution on top of the gel. 

The water glass used was a commercial grade known as “water white 
with a density of 1.375. The ratio of the Na,O-to the’ S10, was) v3 
When diluted to a density of 1.06 and titrated against hydrochloric acid usin 
phenolphthalein as an indicator, it was equivalent to 0.51 N acid. With methy 
red as indicator the normality was 0.57. 

This particular water glass was used at the 1.06 density for many experi 
ments because with weaker solutions the silicic acid set too slowly. With thi 
concentration an equal volume of N acetic acid was suitable for most of th 
experiments. Such a gel set over night and contained a small excess of acic 
It was reasonably clear. This rather arbitrary selection really marked th 
lowest concentration limit for working convenience. Acetic acid 0.75 N serve 
as well and gives less excess acid. Several other acids were used for specie 
purposes, for the time of set varied with the acid. A partial list follows 


Soprum SrricateE Mixep wirH Eguat VoLtumeEs or Acrp 


1.06 Density 1.12 Density 
Sodium Silicate Sodium Silicate 

Gel Set in Gel Set in Gel Set in Gel Set in 

Acid 2 to 3 Hours 8 to 10 Hours 2 to 3 Hours 8 to 10 Hour: 
lnk ukakele- eo enoean ons: 0.55 N 0.6 N 12 N 40 N 
INitriGue, weet pert se «hice 0.55 N 0.6 N 12 N 40 N 
Silphiigichaes ert sects 0.55 N 0.6 N 12 N 6.0 N 
Phosphonicurt mene tsn 0.75 N 15 N ZEN) 3.0 N 
BOrmica eres cere eee. oescs 0.70 N 0.9 N 5 INT 2.00 N 
ACELIC® Bir an cee tere 0.80 N’ ZN Z.2.N 3.5 N 
Citricw i eee 1.00 N 12 N 25 N 3.0 N 
‘Tantaric QiuGtn aa 0.80 N 0.9 N 2.2 N —< 
Leactios sconce ere 1.00 N 12 N 25 nN 3.0 N 
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Pouring the mixture before it solidifies into the bend of a U-tube gives 
the experimenter excellent control of conditions. The two reacting solutions 
poured separately into the arms of the U-tube slowly diffuse through the 
gel and meet, often forming a sharp precipitation band. Any amount of 
either solution can be used in this method. 

The mixture of water glass and acid may be dialyzed to free it from 
excess acid and salts. Addition of very little ammonia then sets the gel. 
However, it is neither necessary nor always desirable to dialyze out the acid 
and salts. Their influence on crystal formation or development of banding 
is beneficial in most instances. 

Doryland suggested that a mixture of water glass and just enough acid 
to make a neutral solution would set to a gel in minimum time. Traube 
and Kohler ** came to a similar conclusion in regard to the effect of acids 
and bases on gelatin. This led Holmes to make basic gels by using less 
acid than enough to neutralize the sodium silicate. In this way a very 
profitable field of investigation was opened up. Basic salts, for example, may 
not be studied in gels containing excess acid. A mixture of equal volumes 
of 1.06 density water glass and 0.5 N acetic acid is very slightly basic and 
a in about three minutes. Other water glasses must be titrated to get similar 

gures. 

Some of the results obtained by Holmes are given below. Hatschek had 
previously prepared crystalline gold in a gel made by mixing sodium silicate 
with hydrochloric acid. However, Holmes found that gold in a beautifully 
crystalline condition was best prepared by mixing equal volumes of a water 
glass, 1.06 density, and 3 N sulphuric acid, adding 1 c.c. of 1 per cent gold 
chloride to 25 c.c. of the mixture and, after solidification of the gel, cover- 
ing with a solution of 8 per cent oxalic acid. 

Startling rainbow bands of red, blue and green colloidal gold mixed with 
scattered crystals resulted when the water glass was of 1.16 density. Both 
methods work readily and give better results than any yet recorded. 

Perfect tetrahedrons of copper were secured by using 1 per cent hy- 
droxylamine hydrochloride to reduce dilute copper sulphate in a silicic acid 
gel. Peculiar aggregates of tetrahedrons similar to those found in copper 
deposits in nature were also observed. 

Lead iodide in perfectly hexagonal plates 5 mm. wide and golden fern- 
like growths 8 cm. long were formed in silicic gels by allowing potassium 
iodide to diffuse into gels containing lead acetate. 

Red mercuric iodide in 2 cm. needles or, in smaller crystals, banding in 
as many as forty regular bands in a distance of 8 cm. was obtained by the 
diffusion of a mercuric chloride solution into a gel silicic acid gel containing 
potassium iodide. With certain concentration conditions yellow crystals 
formed in front of the red needles and were finally changed into the red 
mercuric iodide. Soluble chlorides exerted a striking influence on the size, 
form and arrangement of the mercuric iodide crystals. 

Magnificent red-black crystals of a basic mercuric chloride resulted when 
a saturated solution of mercuric chloride diffused into a silicic acid gel of 
slightly basic reaction. In a very slightly basic gel these crystals were grouped 
in a remarkable series of bands. The presence of a little glucose exerted a 
marked influence, changing the color and developing over one hundred com- 
pact bands in » distance of 8 cm. . 

Silver sulphate crystals appeared in less than one hour when N silver 
nitrate diffused into a silicic acid gel made by mixing equal volumes of 1.06 
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density water glass and 3 N sulphuric acid. In a few days orthorhombi 
slabs 3 cm. long developed. If enough potassium dichromate to make th 
whole gel 0.1 N molar with respect to this salt was present the long slab 
were a beautiful clear red. In the presence of excess silver nitrate near th 
surface of the gel silver chromate was formed, and since silver chromate an 
silver sulphate are isomorphous, red mixed crystals resulted. The color a 
the crystals was made any depth of red by varying the concentration of th 
potassium dichromate in the gel. Farther below the surface of the gel th 
silver nitrate became less concentrated and triclinic crystals of the red-blac 
silver dichromate appeared. In time they grew to a size of 3 cm. 

Dreaper ™* held that the most important feature of the favorable influenc 
of gels on reactions forming crystals was the capillarity of the gel structur 
He substituted fine sand and even a single capillary tube for the usual gel: 
and secured crystalline products. Holmes secured good crystals of silve 
dichromate in a U-tube partly filled with flowers of sulfur and with a solv 
tion of silver nitrate in one arm and a solution of potassium dichromate 1 
the other. Barium sulphate and alundum powder served much better tha 
sulphur as substitutes for a gel. In fact the results with alundum wer 
startling. Silver dichromate formed in flat needles 1 cm. in length. 

Without doubt any compact mass of insoluble discrete particles wit 
proper size capillaries will function as a gel in favoring the formation o 
crystals. Other influences may be present in a true gel. Adsorption, pressur 
and solubility effects may greatly influence the capillary space results. 4 
rather amorphous insoluble compound first formed by the meeting of two re 
acting substances in a relatively narrow channel may so further regulat 
the rates of diffusion as to give time for crystal formation of more of th 
same insoluble compound. In this suggestion the geologist may possibly fin 
an explanation of the marked crystalline nature of some mineral veins. Th 
pathologist, too, may obtain some light on the accumulation of crystallin 
deposits in animal -tissue. 

To test the theory, the mouth of a small specimen tube was covered wit 
a sheet of goldbeater’s skin held on firmly with a rubber band. The tut 
had first been filled with a solution of 0.1 N potassium iodide. Care we 
taken to leave no air bubbles on the under side of the membrane and to rins 
the outside of the tube. The tube was then immersed in a small beaker o 
saturated lead acetate solution. At once an almost amorphous precipitat 
of lead iodide appeared on the under side of the membrane and in less tha 
a minute crystals of lead iodide fell in a beautiful gleaming shower, rapidl 
increasing in amount. It is very easy to secure gleaming crystals of lea 
iodide by cooling its hot solution but in this experiment the solutions were col 
Mixing the same solutions in a test-tube without the use of a membrane 
yellow powder results. 

When the more concentrated solution was placed inside the specime 
tube, the crystals formed on the upper surface of the membrane. This - 
in accord with the osmotic difference rules of Pringsheim. With less diffe: 
ence in concentration of the reacting solutions the reaction was much slowe 

Separating solutions of silver nitrate and the potassium dichromate in th: 
way it was a simple matter to make a gram or two of brilliant crystals ¢ 
silver dichromate settling to the bottom of the tube. Possibly this methc 
may be of some use in the preparation of pure compounds, since the crysta 
are not mixed with an annoying gel. Other thin semipermeable membran¢ 
serve. Parchment paper is good but goldbeater’s skin is most suitable. 
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In a number of experiments it was observed that at first a rather amorphous 
or, at least, fine-grained precipitate formed on the surface of the original 
membrane, thus forming a new membrane of different capillary structure, 
which exerted a marked influence on rates of diffusion. The result of check- 
ing the rates of diffusion of the reacting substances was to give time enough 
for the growth of minute particles to crystalline size. 

Barium sulphate is most annoying in quantitative analysis because of its 
tendency to form slow-settling colloidal suspensions. It seemed an interest- 
ing experiment to precipitate it by the diffusion cup method and observe 
the rate of settling. I believed that if I placed a dilute solution of a sulphate 
inside the specimen tube, covered it with a goldbeater’s skin touching the sur- 
face of the solution and immersed the tube in a more concentrated solution 
of a barium salt that the barium sulphate formed on the under side of the 
membrane would be of much larger size crystals than usual and would settle 
rapidly. It did. Some modification of this experiment may possibly be 
applied to the determination of sulphates. 

To carry the theory further, the only need of the goldbeater’s skin is to 
prevent sudden wholesale mixing of the solutions and mechanically sustain 
the rather amorphous precipitate first formed which then functions as the real 
active membrane. This theory is not universal in its application, for in gels 
excellent crystals of a number of substances form without the appearance 
of a preliminary compact layer of precipitate. In these instances only the 
gel functions in regulating diffusion. The theory does apply, however, in 
the absence of a gel and in all instances where a compact precipitation band 
is formed. 

John Johnston’s ** method of preparing crystals of increased size by the 
slow diffusion of two reacting solutions in a large volume of water at two 
widely separated points supports the theory above given. De Schulten’s 
experiment described earlier in this paper is somewhat similar to Johnston’s. 

A variety of gels may be used to influence the formation of crystalline 
products, but in general it may be stated that larger crystals form in silicic 
acid gels than in agar and gelatin. In the latter there is a marked tendency 
to favor the formation of spherulites. Probably the protective colloid effect 
of gelatin and agar is an important factor, as well as the elasticity of the gel. 
At any rate the effect of silicic acid gel on crystal formation may be greatly 
changed. 

A very little gum tragacanth in a silicic acid gel greatly hindered crystalliza- 
tion of lead iodide, in fact caused the appearance of spherulites. Under 
similar conditions gum tragacanth (and other protective colloids) caused silver 
acetate to form in twisted, fantastic shapes instead of in the usual straight 
white sheets.* 

Glucose, gelatose, and salts also exert marked influence on crystal forma- 
tion in gels. Liesegang '® boiled 20 per cent gelatin several days and added 
a little of this to gelatin containing potassium dichromate. The gelatose 
formed prevented crystallization of the dichromate on drying. Such a boiled 
solution of gelatin does not permit the separation of ice crystals at — 10°. 

Perfect sugar crystals 2 cm. long have been observed in fruit jellies. 

Ernest Marriage *° studied the arrangement and size of lead iodide crystals 
in fruit gels and jams. The various fruit jellies and jams influenced the pre- 
cipitation of lead iodide in different ways and use was made of this fact in 
detecting adulteration of commercial products. 


* See also this volume, p. 619. J. A. 
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Dry cells discharging on short intervals service develop colorless sheet 
several cm. long of ZnCl,.2NH, next the zinc wall of the battery. Th 
gelatinous paste in this part of the cell regulated the diffusion of the zin 
chloride and ammonia formed by the discharge of the cell. 

Shulansky and Gies ** observed that “in the putrefaction of meat, crystal 
of ammonio-magnesium phosphate appear early and accumulate rapidly” du 
to bacterial activity. This paper and a similar one by Perlzweig and Gie 
may have some bearing on the subject because of the hydrated colloid natur 
of animal tissue. 


Fic. 1—Crystals of ZnCl..2NH; next the zinc wall of a dry cell. 


In fact the pathologist may well consider the possible parallel between th 
gel reactions here described and those that occur in the gel tissues of the body 
S. E. Sheppard ** in the first of a series of monographs on the theor 
of photography, offers many striking photographs of crystals of silver bromid 
in gelatin. He observes, “Hence we must regard sensitive photographi 
emulsions not only as suspensions of silver halid crystals in gelatin, but als 


as a probably very much more complex suspension of gelatin in crystallin 
silver halide.” 


Banding. 


Rhythmic banding of precipitates was first observed and recorded by 
Liesegang, hence the name “‘Liesegang’s rings.” * His original experiment deal 
with the rhythmic precipitation of silver chromate in gelatin. A solution o 
silver nitrate was poured on a solid gel containing dilute potassium chromate 

* See paper by R. E. Liesegang, this volume, p. 783. J. A. 
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The precipitate of silver chromate formed was not continuous but marked by 
gaps or empty spaces at regular intervals. ° 

Hoknes * studied the banding. of mercuric iodide, gold, copper chromate, 
cuprous oxide, and other substances in silicic acid gels. 


Mercuric Iodide. 


A tube of silicic acid gel (from mixing equal volumes of 1.06 density 
water glass and N acetic acid) was made 0.1 N with respect to potassium 
iodide and covered with 0.5 N mercuric chloride. In a few days bands of red 
crystalline mercuric iodide began to appear. These bands were not sharply 
marked for the first cm. or two below the surface of the gel but below that 
depth were excellent. In some tubes there were 40 bands rather sharply 


Fic. 2——Bands of mercuric iodide in a silicic acid gel. 


marked in a distance of 8 cm. The spaces between the thin disks contained 
many scattered crystals. 

In a U-tube with a gel filling the bend, 0.5 N mercuric chloride in one 
arm and 0.1 N potassium iodide in the other, the sharp red bands of mercuric 
iodide followed the curve like ranks of soldiers pivoting in regular forma- 
tion. The excess of mercuric chloride diffusing into the gel reacted with the 
red mercuric iodide forming a soluble colorless double salt, leaving the gel 
somewhat clearer where the red bands had been. This gave the appearance 
of shadow bands following in the rear. 

The presence of glucose in the gel made the bands very much sharper. 
Sodium chloride, on the other hand, diminished the tendency to band and 
in sufficient concentration prevented it altogether. In a gel of the composi- 
tion described above but containing an added 10 per cent of sodium chloride, 
the mercuric iodide formed, not in the usual red needles, but in much larger 
crystalline aggregates and very few bands appeared. The crystals were 
scattered in an irregular way. The addition of sodium chloride to the amount 
of 25 per cent of the weight of the gel caused the appearance of still larger 
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widely scattered crystalline aggregates. Neither needles nor bands were in 
evidence. Since a gel made from sodium silicate and hydrochloric acid con- 
tains considerable soluble chloride no sharp banding of mercuric chloride 
could be expected under such conditions. This may explain why earlier in- 
vestigators in this field failed to record the beautiful examples of banding 
possible with mercuric iodide. 


Copper Chromate. 


The banding of copper chromate in a silicic acid gel of very slightly basic 
reaction affords the best material for a detailed study of the phenomenon. 
Gold banding is often more beautiful but the remarkable sharpness of the 


Itc. 3.—Bands of copper chromate in a silicic acid gel. 


layers of copper chromate and the perfect clearness of the gaps excel all 
other examples. 

A gel from mixing equal volumes of 1.06 density water glass and 0.5 N 
acetic acid was made 0.1 N with respect to potassium chromate (before 
solidifying) and was later covered with 0.5 N copper sulfate. In a day 
or two bands of apparently amorphous copper chromate formed. The first 
layer was often rather deep, one cm. or more, then a clear gap with no trace 
of a precipitate of copper chromate, below that a much thinner band, more 
gaps and bands, the gaps widening steadily. These relative distances varied 
not only with the initial concentrations of the reacting solutions but also 
with the volumes of the potassium chromate solution in the gel and the copper 
sulfate solution above. It is, of course, apparent that these relative volumes 
greatly influenced the rates of decrease in the initial concentrations. The 
distances were also influenced by the substitution of other acids for 
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acetic in making the gel. An increase in the excess of sodium silicate with 
its resulting alkalinity brings the bands of copper chromate closer together. 

Addition of sugar to the usual gels made the bands thinner. Urea had the 
opposite effect. The influence of gravity was shown by corking tubes and 
inverting. The bands were irregular and made up of crescent-shaped 
fragments. 


Cuprous Oxide. 


With a basic gel very different results were obtained. Glucose, a few 
grams to 25 c.c., was mixed with a 1.08 water glass-0.5 N acetic acid gel 
and covered with 0.5 N copper sulphate. After a few months close bands 
of rather amorphous cuprous oxide extended down the gel for a distance 
of about 12 cm. At first the bands were yellow, but as they aged they turned 
to a dull red. At one time both colors were in evidence, the newer bands 
yellow. Near the surface of the gel a blue deposit of cupric hydroxide 
formed. This reaction is suggestive of Fehling’s test for glucose.* Of course 
no copper complex is used here but evidently slow diffusion permits the 
reduction from cupric hydroxide to cuprous oxide. 

It has been suggested that this method gives opportunity for studying a 
reaction in its various stages. The control of concentrations and the rates 
of diffusion pave the way. 

Gold banding has been described earlier in this chapter. These bands 
have been obtained before, but Holmes found the use of sulfuric acid in 
making the gel a very great improvement. Using hydrochloric acid, the colored 
bands were quite inferior. With acetic acid instead of sulfuric no bands ap- 
peared, but the gel was colored uniformly with violet-blue colloidal gold. 
However, loading an acetic acid gel with considerable sodium sulfate de- 
veloped a few shadowy bands. Evidently the influence of sulfates is a 
factor of importance. 

Davies *4 in repeating the experiments of Holmes showed that when dif- 
fusion and reduction take place in the dark only the larger particles of yellow 
gold crystals are produced. He secured the rainbow bands of colloid gold 
only in changing light. In Davies’ opinion light of short wave length is re- 
sponsible for catalyzing the formation of colloidal gold in silicic acid gel. 


Theories of Banding. 


The experimental evidence given above justifies the advancement of a 
more detailed theory of rhythmic banding. For the clearest illustration con- 
sider the copper chromate banding. 

The gel (a silicic acid gel of slightly basic reaction) contains a dilute 
solution of a chromate and above it in the tube a solution of a copper salt. 
The copper ions diffuse into the gel, meet the chromate ions and form a 
layer of insoluble copper chromate at the surface of the gel. The chromate 
ions immediately below this precipitation zone diffuse into this region now 
depleted of chromate ions and meet the advancing copper ions thus thicken- 
ing the layer of copper chromate. According to Fick’s law of diffusion the 
rate of diffusion is greatest where the difference in concentration of the 
chromate ions in two contiguous layers is greatest, that is, just below the 
front of this thickening band of copper chromate. As a result the region 


* Similar color differences appear when making the Fehling test in sugar-containing urines, due 
to the presence of protectors, e.g., albumin (M. H. Fischer), A. 
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near the band decreases in concentration of the chromate ions faster than 
does the space below. Finally the copper ions have to advance some dis- 
stance beyond the band to find such a concentration of chromate ions that 
the solubility product of copper chromate may be exceeded and a new band 
formed. This repeats again and again. 

Not all bands are made up of dense layers. A notable exception is basic 
mercuric chloride in a very slightly basic gel. The gleaming, feather-like 
crystals of this salt were sometimes rather widely scattered yet arranged in 
distinct layers. Rarely were the gaps between these bands free from crystals. 

Liesegang’s ‘‘dead space” experiment *° confirms the theory advanced above. 
He filled a glass tube (open at both ends) with gelatin containing 10 per 
cent of sodium chloride. This tube was then immersed in a solution of silver 
nitrate which diffused into the gel from both ends of the tube precipitating 
silver chloride in two bands. However, these two bands of silver chloride 
did not meet in the middle of the tube. A clear dead space remaining in 
the center of the tube contained no sodium chloride at all. The salt originally 
there had diffused away in opposite directions. A dead space was not formed 
when a gel containing a nondiffusing substance such as albumin was immersed 
in metaphosphoric acid. 

Ostwald °° held that the silver chromate of Liesegang’s original experiment 
formed a supersaturated solution. When crystallization started at any given 
point, the excess beyond that required for saturation migrated to the points 
where, crystals were forming. By repetition of this process gaps and bands 
were produced. ’ 

Bechhold ** advanced the theory that the precipitate of the bands is slightly 
soluble in products of the reaction and hence that new bands can form only 
in regions were the concentration of such products has sufficiently fallen off. 

Bradford ** holds that rhythmic banding is due to gradual adsorption of 
the solute in the gel by the growing precipitate.* 

A variant on the formation of crystals in gels is the formation of crystals 
by gels. 

Deiss *° prepared a gel of MnHAsO, by mixing equal volumes of 10 per 
cent solutions of MnCl, and KH,AsO,. On standing three months rose- 
colored crystals of the same composition as the gel separated. 

Hatschek *° observed a similar change from gel to crystals in the case 
of an alcoholic gel of camphorylphenylthiosemicarbazide. 
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The Crystallization of Sulfur in Rubber * 


By Herpert ARTHUR ENDRES 


When sulfur crystallizes from solution in the presence of a viscous mediun 
the latter offers considerable resistance to the forces of normal crystal growth 
thereby causing many very interesting transformations to take place. Fett 
and Alexander ? have studied these phenomena in the case of sulfur crystal 
lizing from a mixture of carbon disulfide and Canada balsam by evaporatiot 
of the solvent. Similar transformations are exhibited when sulfur crystallize: 
from a mixture of benzol and rubber or from rubber itself, for in this cas 
the viscous medium is also a sulfur solvent and the changes continue after th 
benzol has evaporated. 

A study of these transformations was made in connection with an investi 
gation carried out in an effort to gain some insight into the mechanism o 
the process by which the sulfur efflorescence commonly found on rubber good 
is formed? The systems sulfur-benzol, sulfur-benzol-rubber, and sulfur 
rubber were investigated. The sulfur transformations were studied micro 
scopically in thin rubber films prepared on microscope slides by the evaporatio1 
of smears of rubber and sulfur mixtures dispersed in benzol. This is a ver 
convenient method of obtaining thin rubber sections. To determine the effec 
of benzol the crystallization of sulfur from benzol was first studied, thet 
introducing rubber, the crystallization of sulfur in a rubber-sulfur-benzol mix 
ture. Finally eliminating benzol, a study was made of the transformation. 
which sulfur undergoes when crystallizing from solution in rubber. 


CRYSTALLIZATION OF SULFUR FROM BENZOL 


Sulfur can be caused to separate from solution in benzol in several differen 
forms, depending upon the conditions. The most common of these are th 
rhombic crystalline and the intermediate super-cooled globular. When a dro] 
of a solution of sulfur in benzol is allowed to evaporate slowly on a cleat 
microscope slide and submitted to microscopic examination, the larger par 
of the sulfur is seen to crystallize directly into rhombic crystals. Some smal 
globules of liquid super-cooled sulfur are formed at the same time, but if th 
solvent is evaporated sufficiently slowly, these for the most part will deposi 
on the crystals formed and the latter will then grow at the expense of th 
globules. If, however, the solvent is rapidly evaporated, as by passing a cur 
rent of air over a thin film of the solution, numerous globules will be forme 
and the sulfur will be deposited as such. In this way it is possible to obtait 
practically all of the sulfur in the super-cooled globular condition. The yiel 
of globular sulfur is therefore determined by the rate at which the sulfur i 
separated from solution, 1.e., the rate of evaporation of the solvent. Whe: 
the rate of separation exceeds the rate of crystallization, super-cooled globula 
sulfur results. = 


* Based on an investigation carried out at the Research Laboratories of th i 
Rubber Co., Akron, Ohio. Agee Rhea Ei 
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It has been stated that sulfur dissolved in benzol is largely colloidal * and 
there is every reason to believe that the super-cooled globules, deposited on 
evaporation of the benzol, are formed from colloidal sulfur by coalescence, 
as is the case when hydrogen sulfide and sulfur dioxide react in water or 
benzol solution or when solutions of alkali thiosulfates are acidified. The latter 
process can be observed microscopically by allowing a drop of each of the 
solutions to run together on a microscope slide. The mixture gradually be- 
comes opaque due to the separation of colloidal sulfur globules throughout the 
‘mass which, when examined with dark ground illumination, are seen to be in 
rapid Brownian motion. These globules then rapidly grow and coalesce until 
they are plainly visible under low magnification. The large globules then 
settle out of suspension and solidify. Sulfur globules formed by the above 
described methods have been examined under a polarizing microscope and 
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Fic, 1—Globules of super-cooled sulfur formed in rubber. Mag. 65 diameter on all. 


found to have no effect on polarized light. They are therefore structureless * 
and do not consist of sulfur in a crystallized state. ’ 

Crystallization of the sulfur globules can be initiated by the introduction 
of a small quantity of the solid phase; by shock, or other mechanical stimulus. 
They then become solid masses of crystalline sulfur as shown by microscopic 
examination and their effect on polarized light. 


CRYSTALLIZATION OF SULFUR IN A RUBBER-SULFUR-BENZOL MIXTURE 


When sulfur separates out of solution in a rubber matrix, as in the case 
of sulfur-benzol-rubber dispersions, the system is continuous, and any globules 
then formed are in a rubber mass which is saturated with respect to this form 
at the prevailing temperature. Normal crystallization can then take place after 
the benzol has evaporated, the rubber serving as a solvent for the sulfur 
through which it diffuses and then deposits on any crystal centers formed. 

A series of thin dispersions was prepared in benzol from rubber-sulfur 
mixings containing from 4 to 10 per cent of sulfur. Thin films of these 


* This simply means structureless to this test. It is probable that the X-ray spectrometer will 
show the ‘presence of very tiny crystal groups, which surface tension unites into globulites. J. A. 
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showed no sulfur particles when examined under the microscope, the sulfur 
all being in solution. As the solubility of sulfur in rubber at room temperature 
is about 1 per cent, the largest part of the sulfur was dissolved in the benzol. 


3 
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Fic. 2.—Rhombic and dendritic sulfur crystals growing in rubber at the expense of 
liquid sulfur globules. 


On evaporation of the benzol the sulfur held by it separates out in globular 
form to a large extent.* If the rate of evaporation is sufficiently great prac- 
tically all of the sulfur is at first precipitated in this condition. The globules 
at first formed serve as centers of deposition for the balance of the sulfur 


Fig. 3.—Dendrite winding its way through globules and rhombic sulfur crystals. 


separating from solution and under proper conditions grow to quite large 
dimensions. (Fig. 1.) The rubber, being a highly viscous mass, does not 
permit rapid migration of the sulfur and crystal formation is therefore some- 
what retarded. After a short time crystallization usually takes place in two 


* The protective action of the rubber is a powerful factor here. J. A. 
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forms; the ordinary rhombic and a branching dendritic made up of minute 
crystals. (Fig. 2.) The rate of evaporation of the benzol, and consequently 
the rate of separation of the sulfur from solution, is greatly decreased afte: 


Fic. 4.—A later stage showing globules completely transformed into rhombic 
crystals and dendrites. . 


most of the solvent has evaporated. The rate of sulfur separation then does 
not exceed the rate of crystallization and minute rhombic crystals are formed 
directly from solution. These crystals then serve as centers of crystallization 
and grow at the expense of the globules by a process of solution, diffusion 
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Fic. 5.—Rhombic crystals growing at the expense of the unstable dendritic form. 


and deposition. The globular form, being the less stable phase and therefore 
the more soluble, keeps the rubber supersaturated with respect to the crystalline 
phase which is then deposited. A gradual change of the less to the more 
stable form thus takes place through the medium of the solvent (rubber) until 
a considerable region around the growing crystals has been freed from 
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globulitic sulfur. As the rhombic crystals grow the distances between them 
and the globules become greater and their growth becomes slower as the sulfur 
must diffuse further. The remaining globules then go to form the more 
rapidly growing dendritic structure, the result being a mass of dendritic crys- 
tals with rhombic crystals here and there in the centers of clear areas con- 
taining no crystalline sulfur. (Figs. 3 and 4.) The dendritic arrangement 
winds its way through the mass of sulfur globules, from which it is always 
formed, branching out in all directions. This form is unstable and further 
growth of the rhombic.crystals then takes place by means of its solution in 
the rubber and deposition upon the rhombic crystals present (Fig. 5), until 
ultimately all the undissolved sulfur is present in the form of rhombic crystals. 
Frequently impressions are left in the rubber where the dendrites have dis- 
solved. In the absence of rhombic crystals to serve as crystal centers the 
dendrites themselves, by rearrangement, go over to well defined rhombic crys- 
tals. This process, however, proceeds very slowly, requiring several weeks 
for its completion at room temperature. On the other hand, in the presence 
of sufficient centers of rhombic crystallization no globules or dendrites will 
be formed on evaporation of the benzol, the sulfur separating from solution 
depositing directly on these crystals without passing through the intermediate 
forms. This can be accomplished by seeding with flowers of sulfur during 
the early stages before the sulfur has started to separate from solution. The 
crystalline form of the dendritic arrangement has not been determined, but 
it is very likely a variety of monoclinic sulfur formed from super-cooled sulfur 
just as the ordinary monoclinic variety is formed from molten sulfur. 


CRYSTALLIZATION OF SULFUR IN RUBBER 


The solubility of sulfur in rubber is about 1 per cent at 20° C., 6.5 per 
cent at 95° and increases to more than 10 per cent at 110°. By heating any 
of the evaporated cement films from the above experiments for a few minutes 
at 110° the sulfur will completely dissolve in the rubber. Small globules of 
sulfur again appear on cooling and these then rapidly go over into the dendritic 
structure of minute crystals. Due to the uniform distribution of the sulfur 
in the rubber, the high viscosity of the latter and the rapid decrease in solu- 
bility on cooling, conditions are not favorable for the formation of the more 
slowly forming rhombic crystals at the outset. The dendrites, however, even- 
tually go over to well defined rhombic crystals by rearrangement as described 
above. [ven in the presence of rhombic crystal centers the rapid cooling of 
a heated specimen will cause the sulfur separating from solution to largely 
assume the globular condition followed by the transformation to the dendritic 
for the most part, for of the two crystalline forms under considération the 
rhombic is the slower forming. The inversion from the less to the more stable 
form of a crystalline substance appears to be slower the more viscous the 
solvent. If, however, the specimen is cooled very slowly the rate of sulfur 
separation is then such that rhombic crystals can form directly from solution 
without first going through the globulitic and dendritic stages. 

When rubber super-saturated with sulfur is seeded by innoculating or 
sprinkling with the solid phase crystallization results at the surface. If the 
specimen is touched with a relatively cold object while the free sulfur, or a 
part of it, is in the globular condition, the globules so disturbed crystallize 
at once. The larger part of this crystallization takes place at the surface as 
the globules there are most affected. The crystals at the surface then grow 
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at the expense of the neighboring globules and after a short time a dense sur- 
face deposit of rhombic sulfur crystals is formed. (Fig. 6.) The solidified 
globules serve as crystallization centers and their formation is analogous to 
seeding with solid sulfur. Some dendrites are often formed at the same time, 
which later go over into regular rhombic form. Seeding with insoluble sulfur 
(Su) usually results in the formation of rosettes of needle-like crystals 
radiating out from the points of contact, while seeding with rhombic sulfur 
_always produces regular rhombic crystallization. 

-* Thus the presence of a viscous or plastic substance can influence and alter 
the normal crystallization and behavior of a crystallizing substance and bring 
about changes which are not ordinarily encountered. 


Fic. 6.—Solidified globules growing at the expense of still liquid globules. Crystallization 
induced by touching. 


These experiments give some insight as to what occurs in metals, where 
increase in temperature and mechanical shock may speed up changes that 
would not register themselves within measurable time. In addition to crystal 
growth by dissolved sulfur crystallizing out on the growing crystals, the 
ultramicroscopic examination of sulfur separating from carbon disulfide in 
the presence of Canada balsam (J. Alexander, loc. cit.) indicates that there 
may be a preliminary grouping of the globulitic groups into what petrographers 
call margarites (a curved line of globulites looking like a string of pearls), 
or else into more or less symmetrical clusters. These must have undergone 
a very sudden readjustment to form larger crystals in Alexander’s experi- 
ments, for only a few seconds elapsed before the solvent evaporated. 

(Readjustments occurring during ageing, storage, etc., naturally also sug- 
gest themselves, ¢.g., the occasional clouding of transparent toilet soaps due 
to the formation of crystals which may grow to quite large size.—J. A.) 
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Ultramicroscopy 


By Dr. MAx Poser, 
Bausch & Lomb Optical Co., Rochester, N. Y. ( 


The illumination of very small particles contained in air, liquids, or solids 
with light of high specific intensity, at grazing incidence, will reveal objects 
of such small dimensions which we cannot render visible even with the highest 
power microscope equipped with objectives of largest numerical aperture 
obtainable. 

To investigate this phenomena is essential, in order to enable one to differ- 
entiate as to the nature of these findings compared with those obtained with 
the regular microscope fitted with transmitted light arrangement and micro- 
scope objectives of greatest resolving power, to make comparison with the best 
results obtained with the so-called dark field illuminator. 

Very small particles such as colloids in solutions, viscous substances, or 
in solids, that is, particles less in size than half the wave lengths of the light 
employed for illumination, will act like very small light sources when illu- 
minated with an intense light of grazing incidence; and since the particles 
appear as small points of light irrespective of their shape or form, they present, 
so to speak, diffraction discs, each disc many times larger than the actual 
particle itself which consequently, are seen or traced under the microscope. 

From this we learn that the particles themselves are not defined in their 
true shape or form by the optical system of the microscope and we therefore 
call such particles ultramicroscopic. Ultramicroscopic particles are therefore 
not objects resolved in their detailed structure like minute living cells, very 
small parasites or bacteria, etc., when viewed with the microscope with dark 
field illumination, but merely objects rendered traceable by means of their 
diffraction discs. 

The method of illumination, specific intensity of light, wave lengths of 
light, numerical aperture of the microscope objective employed, as well as the 
magnification of the compound microscope, determine the smallest particles 
to be rendered visible by this method. 

It is a well-known fact that with light of greatest specific intensity like our 
sunlight, we are able to render smaller particles visible than it is possible with 
the light of a carbon are lamp. 

Still weaker sources of light will not enable us to trace ultramicroscopic 
particles like colloidal gold, etc., less in size than 6 uu. When investigating 
such extremely small particles, it is essential to illuminate not more of the 
depths of strata containing such particles than the objective on the microscope 
is able to depict ; for which reason a precision slit adjustable in width as well 
as in length is essential. 

The condensing system used for illuminating such a slit must be aplanatic 
and of a superior correction, in order to project the actual image of the source 
of light into the aperture of the slit. The aperture of the slit illuminated in 
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this manner is then to be projected on a reduced scale into the object plane by 
means of a superior corrected lens system. 

If the colloidal particles are suspended in a solution, the fluid chamber 
should have two optically plane surfaces at right angles to each other, and if 
the colloids are in solids, such solids must be prepared so that two optically 
plane surfaces at right angles to each other are available for the correct 
illumination and observation of the particles. 

As a suitable microscope objective, a water immersion lens of about 4 mm. 
focal length with 0.6-0.7 numerical aperture and comparatively long working 
distance is advisable, in order greatly to facilitate matters. Care should be 
taken that the optical axis of the illuminating rays and the optical axis of 
microscope are carefully adjusted so that the axis of illuminating rays is per- 
pendicular to the axis of the microscope. 

An outfit of this description was used by Siedentopf and Zsigmondy in: 
their studies of colloidal gold in ruby glass, etc., which demands illumination 
with light of great specific intensity and grazing incidence. 

Light of great specific intensity, irrespective of volume, will render corre- 
spondingly smaller ultra-microscopic particles visible, since under such con- 
ditions the diffraction discs will appear larger than with light sources of 
lesser specific intensity. 

According to Rayleigh, the intensity of the diffracted light diminishes as 
the square of the volume of the ultramicroscopic particle. 

The above facts disclose to us that ultramicroscopic particles, as observed 
with the instrument described, are merely diffraction effects, since the particles 
themselves are too small to be resolved in detail. One might justly compare 
this phenomena with the stars in the sky seen at night. 


Dark Field Illumination. 


Stephens, the well-known [English microscopist, constructed one of the 
first dark field illuminators, so-called reflex condenser, permitting an illumi- 
nating cone of light of 1.0-1.3 num. apert., which of necessity, represents an 
immersion dark field illuminator. 

Dark field illumination can also be accomplished by a suitable central stop 
underneath the ordinary Abbe condenser, and the aperture of the microscope 
objective arranged so that no direct rays can enter the objective. 

With these older forms of dark field illuminators, however, the illuminating 
beam is not well defined, and consequently diffused light is scattered over the 
object field, preventing well marked contrast of the delicate structures of the 
object with the background. 

In later years dark field illuminators have been greatly improved, in order 
to furnish illuminating beams of superior correction so that the crossing point 
of illuminating rays is defined toa very small area with the margin of the 
light beam well marked. 

The Kardioid condenser as devised by Siedentopf is of a high optical 
quality and forms an exact optical image of a small surface instead of a point 
in its conjugate focal plane; and since light proceeds invariably from surfaces 
and not from a point, the importance of this special correction is obvious, 

With a dark field illuminator of this type, colloidal solution may be ex- 
amined, but it is not suitable for colloids in solids. 

Parallel rays entering a dark field illuminator of the ordinary type will 
also be brought to a focus, but the focal length varies from zone to zone and 
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hence a luminous surface gives rise to innumerable image surfaces of different 
magnitudes, overlapping at the center. 

. Such a dark field illuminator would be inferior when used for investigation 
of colloids. On the other hand, it will prove superior when comparatively 
larger objects are to be examined as, for instance, living bacteria, granulation 
in leucocytes, etc. 

Some dark field illuminators furnish very diffused illumination, which 
renders them suitable for comparatively large objects. 

Many of the objects examined with the dark field illuminator of course 
could also be rendered visible in their bodily contour, delicate structures, etc., 
when stained and examined with the ordinary microscope of adequate resolv- 
ing power; but since living objects, etc., cannot very well be stained for such 
‘observation, it is evident that the dark field illuminator forms a very useful 
accessory to the microscope. 

A distinction, however, should be made between the average dark field 
illumination of unstained objects, like living bacteria, etc., and ultramicro- 
scopic observation of colloids. 

The first mentioned objects we can render visible in their shape and form. 
The latter only furnishes a method for tracing very minute objects by means 
of their diffraction discs and no bodily structure whatsoever could be deter- 
mined by this method. 

Dark field illuminators are usually fitted into the substage of the microscope 
in place of the Abbé substage condenser. The illumination usually employed 
is similar to that used for high-power microscopy, the light being reflected by 
means of the plane mirror of Abbé substage into the dark field illuminator 
and care should be taken that the dark field illuminator is precisely centered 
with the optical axis of the microscope. 

The object is placed on a suitable object carrier and which in turn is con- 
nected with a drop of water or immersion oil to the upper surface of the dark 
field illuminator, in order to realize the full light beam, which should be from 
1.00 to 1.40 num. apert. 

The object is to be covered with a thin cover glass, which serves the pur- 
pose of totally reflecting the illuminating beam. 

If a water immersion objective is used on the microscope, this, of course, 
should be connected by means of a drop of water with the upper surface of 
cover glass of object. 

The numerical aperture of the objective employed should be less than 0.8 
in order to insure a good dark background. To insure best results, the entire 
lens system, object slide and cover glass should be scrupulously clean. 


Cotton and Mouton, “Les Ultramicroscopes et les Objects Ultramicroscopi a 
M 1, ; c : piques,” and 
E..M. Chamot, | Chemical Microscopy (J. Wiley & Sons, 1921), give a detailed descrip- 
tion of the various types—Zeiss, Leitz, Jentzsch, etc. J. A. 


The Immersion Ultramicroscope . 


By Pror. Dr. RicuArp ZsigMonpy, Goettingen, Germany * 


Ultramicroscopes used at present fall in two main classes: (1) those based 
on orthogonal illumination, and, (2) those based on coaxial illumination. To 
the former group belong the original Siedentopf-Zsigmondy slit ultramicro- 
scope, as well as the immersion ultramicroscope described below; to the latter 
group belong the numerous dark-field condensers used with the ordinary micro- 
scope, 7.e., the paraboloid and cardioid condensers of Siedentopf, the mirror 
condensers of Ignatowsky, Reichert, Jentzsch, etc. 

The essential difference in the groups lies in the way the illuminating 
beam is directed and applied. In group 1 its axis is vertical to the optical 
axis, while in group 2 the illumination and optical axes coincide. 

Hence arises a difference in applicability, the instruments of group 2 
being especially well suited for the examination of bacteria and other micro- 
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scopic objects, for light reactions, and at times for examining jellies; but 
they are not capable of bringing out very small sub-microns in colloidal solu- 
tions, because the superior illumination is overbalanced by inferiority in 
darkness of the field, which is affected by imperfections in the specimen and 
cover-glass. : 

The disadvantage of the old slit ultramicroscope is that the illumination 
is inferior to that of some new condensers. ; 

Since experience had taught me the advantages of side illumination and 
of being able to work with a cuvette or cell, and I saw that the new con- 
densers offered no advantages for studying colloidal solutions, I set out to 
construct a new ultramicroscope, having the high-powered illumination of the 
first group. It is made by the R. Winkel Optical Works of Goettingen, and 
was first described in 1913,1 since which time it has given highly satisfactory 
results both in my Institute and elsewhere, for it combines powerful illumina- 
tion of the particles with an excellent dark field. The particles are about 


* Translated by Gertrude E. Alexander, B.L. 
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ten times as bright as with the old slit ultramicroscope. The instrument 1s 
based on the use of high-powered immersion objectives both for illumina- 
tion and for observation, while careful construction of the instrument insures 
a perfectly dark field.’. | ’ 

The wide aperture immersion objectives (Vig. 1, B; and B,; Fig. 3) used 
for both illumination and observation are ground off on the side so as to 


THC ROAR OEOOD 


Iie), 


permit the image of the source of light formed by the illuminating objec- 
tive to be focused in the observation objective. (See Fig. 2.)- A slit is 
not necessary, for an illuminating lens of short focal length, mounted on 
a rider, may be used to throw an image of the source of illumination into the 
image plane of the microscope objective, B. If a slit is used, it is best placed 
between the condenser and the illuminating lens. 

Figs. 4 and 5 show the light-cones of the original instruments. The 
narrowest constriction at C represents the image of the source of light or of 
the illuminated slit. In the meanwhile, Ehringhaus,? while maintaining the 
original principle, modified the instrument so as to make it more convenient, 
e.g., in examining solids like glass. 

Prior to the War, Mr. King of Glasgow determined the smallest particles 
of gold visible in Goettingen, using the brightest sunlight for illumination. 
The calculated size was about 4 wu; but unfortunately the data of this gentle- 
man were lost during the War. With an arc-light, particles of gold 8 uu 
can readily be made visible and counted. The instrument has stood the test 
of time, and is preferable for the examination of colloidal solutions having 
tiny particles. 

Among the new discoveries made with the immersion ultramicroscope is 
that by Thiessen and Baurmann,* of the thread-like structure of the vitreous 
humor of the eyes of mammals. It is interesting that the small amount of 
albumin in the vitreous humor is distributed in a network of ultramicro- 
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scopically fine threads, which, notwithstanding the trivial amount (one per 
thousand) gives it a jelly-like consistency. Ultramicroscopically, it can be 
determined that on gradual disappearance of firmness of the eye (fluidification 
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of the vitreous humor), there can- be observed a disintegration of the threads, 
a most striking fact being that the motion of the ultramicrons which de- 
velops on disintegration, is like that of pearls sliding along a thread or cord. 
Only the immersion ultramicroscope brings this out. 


BIBLIOGRAPHY 
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2. R. Zsigmondy. ‘‘Kolloidchemie,” 5th ed., Chap. 6. (Otto Spamer, Leipzig, 1925.) For 
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Ultrafiltration and Electro-Ultrafiltration 


By Pror. Dr. H. BECHHOLD,* 
Director of the Institut fur Kolloidforschung, Frankfurt a/M 


One process of separating solid substances from fluids is filtration. Fo 
this purpose the pores of the filter must be finer than the diameter of th 
dispersed phase.f Since it has been shown that colloids are two-phase sys 
tems, it was obvious that it was possible to affect their separation by means o 
filters having pores of suitable fineness. Therefore, in order to separate dis 
solved colloids from their solvents and from dissolved crystalloids, use is mad: 
of jelly filters, which (after Bechhold) are called ultrafilters. They are usec 
also in the separation of mixtures of colloids which have different size 
particles. 


HIstTorIcaAL 


The first experiments with the use of jelly filters were made by C. J 
Martin,’ who impregnated filter candles with gelatin and with silicic acid gel 
He sought particularly to separate toxin-mixtures, which he filtered throug! 
such filter candles, using a pressure of 30-100 atmospheres. French experi 
menters (G. Malfitano, J. Duclaux, V. Henri, Borrel and Manea) used col- 
lodion sacs for the filtration of colloid solutions. Both methods, however 
yielded such small amounts of filtrate and the filtration itself was so slow 
that they did not prove practicable. The first really practicable method de. 
veloped was the jelly filtration method of Bechhold* which he termed “ultra. 
filtration.” This is described below. 

Bechhold also demonstrated that the permeability (pore size) can be gradu- 
ated by changing the concentration of the gelatin; the more dilute a jelly is 
the more permeable it will be for a fine colloidal dispersion. He showed that 
colloids of different degrees of dispersity could thus be fractionated. 


FILTER MATERIALS AND FILTER 


In making jellies for ultrafilters, silicic acid gels and gelatin were used. 
although the latter was found practicable in many cases, more general use is 
made of solutions of nitro-cellulose in glacial acetic acid, in alcohol-ether, or 
similar solvents. i 


Sac or Thimble Filters. 


For ultrafiltration, according to the procedure of the French experimenters, 
sac-like membranes of collodion can be used. Although these sacs at the 
present time are rarely used for real ultrafiltration, because they are ineffi- 
cient and their applicability 1s very restricted, we will here describe the method 

* Translated by Sylvia IEE ON é 

+ Or else the filter pores may be reduced in size by the adsorption or deposit of filt ; 
(e.g., asbestos, kieselguir) or by adsorption of something from the fluid being filtered, a er aid 
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of making them. They are very useful for experiments with animals, as they 
are easily inserted into body cavities. 

To make collodion sacs, pour the collodion evenly over a round-bottomed 
glass cylinder, twirling continuously so that the excess drips off, until a thin, 
even coating is formed. Then plunge rapidly into water, so that the collodion 
jells. After most of the solvent (alcohol and ether) has been dissolved in 
the water (a process which takes minutes or hours, according to the thick- 
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ness of the coating) the sac can be loosened from the underlying glass. To 
do this, cut a sharp ring around the periphery at the desired height, raise 
the edge carefully, keeping it constantly wet with water, much as one would 
skin an eel. For small ultrafilters test-tubes can be used instead of glass 
cylinders. By the use of larger cylinders sacs of 6 cm. in diameter and over 
can be made. 

Instead of pouring the collodion on the outside, the same result can be 
obtained by pouring it inside the cylinder. The rest of the process is the same. 
In loosening the sac from the cylinder, in both cases, careful handling is re- 
quired. The sacs must be continually moistened and kept moist. In employ- 
ing these sacs for ultrafiltration the upper end is drawn over a ring of glass 
or wood, etc., fastened carefully with thread or silk and finally painted again 
with collodion. The ring is fastened to a stand and the sac is then ready for 
use. : 


Ultrafilter. 


H. Bechhold uses for his ultrafilter flat layers of filter paper impreg- 
nated with a jelly. This paper foundation gives Bechhold’s ultrafilter ap- 
paratus a strength that, under certain conditions, will withstand a pressure 
of 20 atmospheres or over. By this method it is also possible to make filters 
of any desired pore size. ; 

For impregnation glacial acetic acid collodion * is most generally used. 
The solutions can be diluted with glacial acetic acid until the required concen- 
tration is obtained. 


* Solutions having a content of 10 per cent nitrated cotton and 2% per cent potassium carbonate 
in glacial acetic acid, which solutions are characterized by slight contraction on gelatinization. 
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The dry sheets of filter paper are first steeped in acetic acid, then impre 
nated with glacial acetic acid collodion. Even mere dampening with wat 
has yielded good results. It is important to note, however, that dry filt 
paper will not give workable results unless vacuum impregnation is resorted t 

The best filter papers are Nos. 566 and 575 made by Schleicher and Scht 
of Diiren, Rhineland. These are cut into sheets 9 cm. in diameter. If vei 
exact scientific experiments are to be made impregnation in vacuum is advi 
able. Air is removed from the filters and the jelly forced into the filter pap 
by atmospheric pressure. The process is as follows: 

The rectangular trough * T (see Fig. 2) has a cover D which is grour 
on air tight. A number of filter discs / are hung on the rod S. The cover . 


has two outlets. Through outlet J pass two tubes, one to the air-pump J 
the other to the vacuum manometer /’. When the air is exhausted from th 
trough, the jelly-producing fluid is admitted from the funnel Tr, which has 
cock and a tube leading to the bottom of the trough. When the filters ar 
covered the funnel cock is closed and the air cock opened, so that the gelatinou 
fluid is forced into the filters by atmospheric pressure. After a while (fo 
low concentrations 10 to 20 minutes, for high concentrations 1 to 2 hours 
the cover is removed and the rod with the filters is removed from the fluid. 

The same procedure is now followed irrespective of whether the filte 
discs have previously been wet with glacial acetic acid or water, or whethe 
they have undergone vacuum impregnation. After the filter discs are re 
moved from the glacial acetic acid collodion, each individual filter is allowe 
to drip while being constantly turned. Finally the whole filter is gelatinize: 
suddenly by plunging it into an appropriate liquid. In the case of glacia 
acetic acid collodion water is used. If gelatin is being used, the entire im 
pregnation trough must be placed in a warm water bath. The gelatin filter 
are hardened by plunging the wet filters after they have been allowed t 
gelatinize in the air, into chilled 2-4 per cent formaldehyd solution, and the 
allowing the whole to remain for some time in an ice-box. 

The filters, irrespective of the way they have been made, are then washec 
for several days in running water and kept under water to which a little chloro 
form is added to prevent mould. 

In 1918 Wolfgang Cstwald made the important observation that for mam 


* This is made by Vereinigte Fabriken f. Laboratoriumsbedarf, Scharnhorststr., Berlin, 
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purposes usable ultrafilters can be made by pouring a double layer of collodion 
over a moistened filter paper, and after superficial drying, gelatinizing it with 
water. 

Ordinary smooth filter paper can be used as a substratum, which, as with 
other filters, is placed closely in a clean funnel; or else Schleicher and Schiill’s 
filter thimbles are used. Wolfgang Ostwald’s directions are to moisten the 
paper with hot water and allow it to drip. Then an ordinary but warm 4 per 
cent solution of collodion, say 20 to 30 c.c., is poured into the wet filter, and 
by quickly turning, the first or sizing layer of collodion is formed on the paper. 
‘The collodion should run but once over the paper and then be poured off. 
After this layer has dried 5-10 minutes, the stiffened filter is removed from 
the funnel, and again treated in like manner with collodion. After the collodion 
has once more dripped off, it is allowed to dry 5-10 minutes and is then 
plunged into distilled water, and in 20-30 minutes it is ready for use. The 
preliminary turbidity which appears on filtration is due to coagulated collodion. 

By diluting the 4 per cent collodion with ether-alcohol (7 parts ether to 
1 part alcohol) there are obtained filters of higher permeability and greater 
filtration speed. 

Such ultrafilters can also be prepared on suction funnels, but a rubber 
casket is necessary to make a tight joint between funnel and ultrafilter.* 

If non-aqueous solutions (e.g., benzol, alcohol, etc.) are to be ultrafiltered, 
the water in the filters can be eliminated by the successive application of 
solvents; for example, water can be replaced by means of acetone, and the 
acetone by benzol, etc. 

Bechhold and Szidon** suggested the more convenient method of using 
un appropriate organic solvent for coagulation. For the septa in question 
the most suitable solution was collodion in ether-alcohol, with benzene or 
toluene as coagulant. Ordinary ether-alcohol collodion is a 4 per cent solu- 
tion, which may be diluted to vary pore-size of the filter. | 


Ultrafiltration Apparatus According to Bechhold. 


The crying need of a simple arrangement for the purpose of ultrafiltration, 
led Bechhold to devise new apparatus suitable for laboratory practise. At his 
suggestion the Staatlichen Porzelanmanufaktur (Berlin) ¢ produced various 
vessels (crucibles, dishes, suction funnels that can be cleaned, balloon filters, 
etc.) from a porous porcelain earth; they are not glazed on either side of the 
filter surface where the filtrate passes. (See Fig. 2a-2d.) They are coated 
on the filtering side with an ultrafiltering layer and then submitted to the 
suction of a water suction pump.f a a 

The application of the ultrafiltering layer is done similarly to the procedure 
with paper filters: The vessel is connected with the water suction pump, the 
crucible is attached to a glass “tulip” (as with a Gooch crucible), dishes are 
connected tight by means of a rubber gasket, ete., and they are then moistened 
with water filled with the impregnating solution (glacial acetic acid collodion, 
acohol-ether collodion or the like). Suction is continued for 30 seconds, the 
solution is then shut off and the excess impregnating fluid is poured off with 


* Por details see Wolfgang Ostwald, ‘Kleines Praktikum der Kolloidchemie,’” Dresden, Theo. 
oe had under the name “Ultrafilter apparatus,’ 


5 , ktur, Wegelystr., Berlin, N. S 
SAI se ortpectpee iP see Beehhoid and Gutlohn, “New Ultrafilter Apparatus,” Zeit. angew, 


Chem., 1924, No. 29 


? according to Bechhold-Kénig Gerate from the 


824 COLLOID CHEMISTRY 


constant twisting, and that in the pores coagulated by quick plunging into 
water or into toluol if an ultrafilter for non-aqueous solutions is desired. If 
glacial acetic collodion has been used, the vessel is allowed to remain in the water 
until the acetic acid has diffused out, or it may be washed out on the suction 
tube with water, a few drops of ammonia or caustic soda being added at the end. 


Fic. 2c. Fic. 2d. a 


Such a vessel like any other one of similar shape, is mounted on_a suction 
flask and used with a water suction pump. Dishes and suction funnels hold 
large amounts of fluid; they may be stirred if needs be. By using balloon 
filters (similar in shape to Pukall filters) higher temperatures can be applied. 
For quantitative analysis the residue can be dried in the crucible and then 
ashed. The vessels may be cleaned by burning off or by soaking in chrome 
sulphuric acid. +f 

It appears that with the aid of these vessels not only coarsely dispersed 
colloids, but even albumin, hemoglobin, and gelatin (glutin) may be concen- 
trated by the water suction pump, and freed from crystalloids. Membranes 
for non-aqueous solvents may be formed on them and non-aqueous solutions 
ultrafiltered through them. In conclusion, it must be said that they are splen- 
didly adapted to electro-ultrafitration. Thus solutions of colloids containing 
electrolytes may be quickly freed from them (in 30 minutes), and con- 
centrated. 
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Membrane Filters. 


This name is given to an ultrafilter offered by E. de Haen Chemische 
Fabrik “List” of Seelze bei Hannover; it is produced by the patented method 
of Zsigmondy and Bachmann. Like the Bechhold filters, they are flat discs; 
however they have no paper substratum, or base, but consist of the pure cellu- 
lose ester. They are made by pouring a solution of cellulose ester on glass 
plates. Whereas Bechhold varies the closeness of his filters by coagulating 
solutions of different concentration, this result is obtained in membrane filters 
by using mixed solvents, one constituent of which is more volatile than the 
other, and the evaporation is carried’ out in air having varied amounts of 
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water. Prior to evaporation, a certain amount of water may be added to th: 
cellulose ester solution, the amount varying with the pore closeness desired. 

Since the various ultrafilters described above are the most useful, I refrain 
from describing unimportant variations. The filters may for the most part be 
used repeatedly, for precipitates are easily rinsed off. Bechhold’s ultrafilters 
may, furthermore, be sterilized with steam under pressure, or in boiling water 


On THE USE oF AND RESULTS OBTAINED BY ULTRAFILTRATION 


The choice of the suitable ultrafilter is much more dependent upon the 
object to be attained, than is the case with ordinary filtration. To effect the 
separation of a coarse suspension colloid (as for instance Prussian blue or 
colloidal silver solution) from its solvents, or if it is desired to retain in 
quantitative analysis the finest turbidities, for instance, calcium sulphate, a 
coarse pored ultrafilter should be used, which in spite of its high permeability 
for water, will retain the suspensions or suspension-colloids in question. Sacs 
are not to be considered. 

However, if organic colloids—as for instance egg white or starch-solutions 
are to be ultrafiltered, that is, to be freed from water or from crystalloids. 
only dense Bechhold ultrafilters can be used. The speed of an ultrafilter 
(filtration velocity), all other factors and conditions of pore size being equal. 
is proportional to the filtration pressure. There is a specific minimum pres- 
sure that must be employed with every filter in order to force the fluid 
through it; for a filter that is just able to retain albumin, this amounts tc 
about 20 mm. of mercury. In the case of organic colloids, an additional pres- 
sure is necessary to overcome the specific swelling pressure of the colloid in 
question. In the case of an 8 per cent solution of albumin, this amounts to 
about 40 mm. of mercury. In order to filter off water from an 8 per cent 
albumin solution, a minimum pressure of about 60 mm. of mercury is needed. 
Thus it appears that such an albumin solution cannot be filtered in an ordinary 
funnel, in fact that pressure must be used to obtain satisfactory ultrafiltration. 

I therefore differentiate between low pressure ultrafiltration up to 1 atmos- 
phere, for which open apparatus (funnels, suction funnels) can be used, and 
high pressure ultrafiltration at 1 atmosphere pressure and over, for which 
closed filters must be used. 


Apparatus. 


(a) Low Pressure Ultrafiltration—For Wo. Ostwald’s spontaneous ultra- 
filtration a simple funnel is sufficient, but it works slowly. It is more con- 
venient to employ such arrangements as can be attached to a water suction 
syphon. Best for the"purpose it seems to me are the Bechhold ultrafiltration 
accessories, such as the crucibles, suction funnels, dishes, flasks, etc., used in 
ordinary filtration, after they have been covered with an ultrafiltration layer. 

For disc-shaped Bechhold ultrafilters and Membrane filters, which are tc 
be used in connection with the water suction syphon, Zsigmondy recommends 
a sort of Buchner funnel, in which the cylinder shaped rim B (see Figs. 7 
and 8) can be removed from the sieve plate A, and this again in its turn from 
the funnel C. This apparatus is made of porcelain (Fig. 7), also of meta 
(Fig. 8) and can be obtained from de Haen of Seelze, near Hannover. 

The funnel C is mounted on a suction bottle, and upon this, connected by 
an air-tight rubber gasket, is set the porcelain or metal filter plate. This plate 
is covered by a sheet of ordinary filter paper and the ultrafilter placed upor 
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it. Upon this is put another rubber gasket upon which the cylinder B is 
forced, im order to receive the fluid. Then the whole is held together by hand 
screws. 


Fic. 7. Fic. 8. 


(b) High Pressure Ultrafiltration—Bechhold has constructed an apparatus 
for high pressure ultrafiltration that can also be used for low pressure ultra- 
filtration. This is shown in Figs. 9-11.* 
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Figs. 9 and 10 are for medium pressure. Fig. 11 for very high pressure. 
The apparatus (Fig. 9) consists of a cylinder-like vessel H, upon which fits 
the actual filter Tr. Between the lower flanges Tr and H/ the round filtration 


*The apparatus is to be had from Ver, Fab. ftir Laboratoriumsbedarf, Scharnhorststr., Berlin. 


828 COLLOID, CHEMISTRY 


discs Fi are pressed. The connection is made tight by the rubber gaskets GG. 
To avoid tearing the filter, it is placed on a nickel wire net or on a finely 
perforated nickel plate N and further protected against too much bulging by 
the coarsely perforated plate P. The funnel Tr is cone shaped above and is 
closed by means of the cover D ground to a conical fit and having rubber 
askets, 

: By screwing down the closure Schr, both the cover above as well as the 
filter below are made tight in one operation. In the top of the cover is a 
small outlet with threaded connection for connecting up the pipe to the source 
of pressure. 


Fig. 11, used especially for pressures above 10 atm., has a flange closure. 
This is naturally more cumbersome. Since in Fig. 11:the corresponding letter- 
ing specification is used, as in Fig. 9, a particular description is superfluous. 
Fig. 10°shows the apparatus with a stirrer, which in most cases is preferable, 
as the stirrer accelerates the filtration and ‘the filtrate is of more uniform 
composition. In the absence of such stirring device, gel layers are apt to settle 
on the ultrafilter and act themselves as ultrafilters. In addition the apparatus 
must be carefully set up, and all openings, especially the stuffing box, must be 
carefully made tight against high pressure. 

Pressure.—Pressure can be produced by means of a manually operated air 
pump. This method is specially adapted. to scientific experimentation on be- 
havior of filters; in short, where the measurements of very fine gradations of 
pressure are involved and when no long period of pressure is required. In 
cases of practical ultrafiltration a steel cylinder containing compressed air, 
compressed nitrogen, carbon dioxide, etc., is preferable. 
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Between the steel cylinder and the ultrafiltration apparatus a reducing 
pressure valve and two manometer M should be inserted, the very high pres- 
sure one to indicate the pressure in the steel cylinder, the other, behind the 
reducing valve, to register the low pressure on the ultrafiltration apparatus. 
By means of still another reducing pressure valve, together with its corre- 
sponding manometer, such fine differences in pressure may be produced that 
In my opinion such an arrangement can be safely recommended in place of 
the hand air pump for scientific measurements. 

_ Fig. 12, which shows the complete equipment of the apparatus, further 
indicates another cock H, which may be used to cut off the pressure suddenly 
if necessary and so interrupt the process of ultrafiltration. 

For high pressure ultrafiltration, several modified forms of apparatus have 
been developed. They showed no distinct advantages. 


Gauging Ultrafilters. 

It is generally necessary to be able to gauge the capacity of ultrafilters in 
order to ascertain the coarseness or fineness of its pores. Having done this, 
conclusions as to the particle sizes of the colloids under examination may be 
drawn. 

A. Gauging with Standard Solutions —For this purpose we may use solu- 
tions of coarsely dispersed — Night Blue, or Prussian blue, Congo-red, col- 
largol and 1 per cent hemoglobin < finely dispersed. [ven the coarsest pored 

_ spontaneous ultrafilters will retain Night Blue or Prussian blue, but hemo- 
globin demands tighter filters. Congo-red and collargol having particles about 
40 uu in diameter in the indicated order, are intermediate in the series above 
mentioned. 

Ostwald’s 2 per cent spontaneous ultrafilters generally retain Night Blue; 
the 4 per cent filters also hold back collargol. 

Bechhold, Schleicher and Schull’s 2 per cent ultrafilters retain Prussian 
blue; 5 per cent filters are tight against hemoglobin. The fact must be em- 
phasized that the tightness of an ultrafilter is dependent not only upon kind and 
concentration of the impregnating solution, but also upon the kind and pore 
size of its foundation substance. Thus, ultrafiltration vessels made with 
unglazed porcelain as a base, are generally more permeable than those made 
of filter paper. In order to make the former tight against hemoglobin, 7 per 
cent glacial acetic acid collodion solutions must be used. 

Bechhold has made the following tabulation for the permeability of ultra- 
filters. It is arranged in decreasing order of particle size of the colloids in 
solution, as ascertained by ultrafiltration with ultrafilters of various pore-size. 


Suspensions 

Prussian blue. 

Platinum sol (Bredig). 

Colloidal iron oxide. 

Casein (in milk). 

Colloidal arsenic sulphide. 

Collargol (colloidal silver, von Heyden, 
about 40 wy). 

Gold solution No. 0 (Zsigmondy). 

1. per cent Gelatin solution. 

1 per cent Hemoglobin solution (molecular 
weight about 16,000). 

Serum albumin (molecular weight about 
5,000-15,000). 

Diphtheria toxin. 

Protalbumoses. 


Gold solution No. 4 (Zsigmondy). 
Bismon (colloidal bismuth oxide, Paal). 
Lysargin (colloidal silver, Paal). ° 
Colloidal silicic acid. 
Lysalbinic acid. 
Deuteralbumoses A. 
Deuteralbumoses B 
about 2,400). 
Deuteralbumoses C. 
Litmus. 
Dextrin (molecular weight about 965). 
Crystalloids 


(molecular weight 
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B. The De Haen membrane filters have numbers indicating the number 
of seconds required for water to pass through. For instance, the number 50 
on a filter indicates that, with good vacuum, it takes 100 ¢.c. of water 50. sec- 
onds to pass through a circular filter surface 100 mm, in diameter. 

C. For the precise determination of the pore-measurements of ultrafilters 
Bechhold has developed the following methods: ; 

-1. Air pressure method.»—This method permits us to find approximately 
the absolute values for the coarsest pores in an ultrafilter. The principle is 
as follows: In order to force air through a capillary thoroughly wet with 
water, a certain amount of pressure is required, which is dependent upon the 
interfacial tension between water and air, which is constant, and the radius 
of the capillary. 

If D is the diameter of the capillary, p the pressure in atmospheres, and 
6 the capillary constant, the following formula applies: 


es 46 
D = 77.033 10" 


Assuming Bp = 7.7 at 18°, we get 


30.8 
p1.033 & 10*° 


By use of this formula the smallest diameter of the pores may be calculated 
after determining the maximum pressure required to force air through the 
pores of the completely saturated filter. 

The practical experimental procedure is as follows: turn the filtrating 
apparatus upside down and place a thin layer of water on the filter (a few 
millimeters deep) and then observe carefully. What is the lowest pressure 
that will cause air bubbles to escape? 

The diagrammatic sketch, Fig. 13, shows the filter apparatus in normal 
position) .J\== funnel,-- f= ultrafilter, LL == air; inlety Fig), | 4eshowe siteam 
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the position ready to receive the air pressure, a shallow layer of water covers 
the filter. This method gives surprisingly large values for the coarsest pores 
of filters.* The reason for this is, that in an ultrafilter, there are always a 
certain number of very wide pores which are of no importance insofar as con- 
cerns the average of the filtrate. But it may also be that the laws applicable 
to wide capillaries must be modified when we reach this order of size. Experi- 
ments on this subject would be welcome. 

2. Method based on the transpiration velocity of water—This method per- 
mits us to determine approximately correct values for the average diameter 
of the pores of ultrafilters. It is based on the somewhat indefinite formula of 
Poiseuille for the flow of liquids through capillary tubes. Let D = diameter 
of pores, Q = quantity of water passing through the surface F, under constant 


* The figures given in the Zeit. f. phys. Chem., 64, 328. et i i 
incorrect; they should be multiplied by 10. ‘ : 4 BL eR Parade yee ga 
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pressure S . By R we represent the ratio of the vacant (water filled) space 
to the solid portion of the filter; it is calculated from the percentage content 
of solids in the jelly (a 5 per cent filter contains 5 per cent filled and 95 per 
cent vacant space). L is the length of the capillaries (which is not less than 
the thickness of the wet filter). & is a constant, dependent on the tempera- 
ture and kind of fluid. Then the following formula applies : 


pa Q(REWL 
Reidy ees 


If all experiments are conducted under the same conditions becomes 


L 
2 ewe 
a constant and the formula is correspondingly simplified. 

For a practical experiment two persons are required, one to regulate the 
pressure, the other to determine with a stop watch the amount of water passing 
in a definite time. Beneath the apparatus is placed a funnel, whose outlet 
may be closed by a rubber tube and a pinch-cock. The ultrafiltration apparatus 
is filled with water, pressure is applied until a definite pressure is reached. 
At that instant the pinch-cock beyond the funnel is shut so that all the water 
filtered at constant pressure is caught in the funnel. At the end of a definite 
time (1 minute) the pressure is instantaneously released. In this manner it is 
possible to measure how much water is forced through the filter in a given 
time. If, previously, the same experiment has been made, using filter paper 
of known pore size which is just able to retain, for example, blood corpuscles 
or bacteria which can be measured microscopically, it becomes possible by 
means of the above mentioned formula to calculate the average pore size of the 
ultrafilter. 

This method shows that ultrafilters which are just able to retain hemoglobin 
have an average pore-diameter of 30-36 wy. (Probably this figure is too 
large.) 


Ultrafiltration at Higher Temperatures. 


For ultrafiltration at higher temperatures (for instance, glue, viscous oils, 
etc.), the funnel or the apparatus is placed in a wide tin or asbestos sleeve 
which is heated by a Bunsen burner (just like a hot water funnel). For high- 
temperature ultrafiltration, the balloon-shaped ultrafiltration apparatus (Bech- 
hold-Koenig) is particularly convenient. The substance to be filtered is placed 
in a beaker or a boiler heated externally ; the balloon filter, however, dips into 
the warm fluid. 


Adsorption by Filters. 


In ultrafiltration experiments care must be taken that adsorption does not 
cause trouble. It is therefore advisable to make a preliminary test of the 
solution to be handled, with a filter disc that has been cut into pieces, or by 
shaking it up with some of the powdered material constituting the apparatus, 
and then test it. If after shaking the content remains unchanged or nearly 
so, then no adsorption has taken place. With coloved solutions very often 
the adsorption is indicated by a color change. If the ultrafiltration experiment 
has been invalidated by adsorption, it is advisable to use some other jelly for 
ultrafiltration. While, e.g., arachnolysin is very powerfully adsorbed by 
elacial acetic acid collodion, it is very slightly adsorbed by formolgelatin. 
~ Jn any event it is advisable, in ultrafiltration, to work quantitatively and 
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to test both the filter residue and the filtrate for such changes as may b 
caused during the experiment.’ It is essential that there be a balance. 

A further source of error.—In experimenting with ultrafiltration of aqueou 
lecithin solutions, in the Institut fiir Kolloidforschung in Frankfurt a/M 
Bechhold and Neuschloss ® made an important observation. Lecithin form 
a cloudy emulsion, in which the individual drops are several @ in diametet 
When this was put through an ultrafilter which would retain hemoglobin com 
pletely, whose pores therefore <30 pp in diameter, it came through cloud 
when the pressure > 150g./em.2. The greater the pressure, the more turbi 
the filtrate. Bechhold? explains this as follows: the pressure deforms. th 
lecithin droplets as they enter the capillaries so that they assume the smalle 
diameter of the capillaries, but upon their exit they again form drops of large 
diameter. Therefore the diameter of the pores of the ultrafilter gives n 
definite idea of the diameter of a retained particle as far as emulsions are con 
cerned, whose dispersed phase has a low surface tension against the dispersing 
phase. 


Ultrafiltration Dialysis According to Wegelin. 


Most of the arrangements for dialysis have the disadvantage, caused b: 
the slowness of the process, of interchange between the solution containe 
within the dialyzing vessel and the external water. Therefore Wegelin 
makes use of the properties of ultrafilters. He constructed an apparatu 


ErGanl 5s 


intermediate between a dialyzer and an ultrafiltration apparatus, especiall 
designed for rapid dialysis; he called it a percolator, Fig. 15. It consists o 
a reversed funnel a, containing the colloidal solution which is to be purified 
the funnel at the top is closed by an ultrafilter made tight by a rubber gaske' 
From the vessel C the washing fluid is forced through the funnel from th 
bottom upwards, and then flows off by means of the tube. By use of a pum 
it is possible to pump fresh wash fluid to c from the container d from time t 
time. This process is both practical and economical. 


Applications of Ultrafiltration. 


Ultrafiltration serves to separate colloids from-crystalloids. It, therefor 
can frequently take the place of dialysis. It is preferable to the latter o 
account of its more rapid working (the colloid is “washed”) and because » 
accomplishes the separation without considerable dilution of the dialysat 
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which is unavoidable with the dialyzer. (See below, under Electro-Ultra- 
filtration. ) 

It was employed along this line in the separation of globulin and the elec- 
trolytes holding it in solution, of the products resulting from the digestion of 
ees pancreatin (Bechhold), also of histidin in the hydrolysis of clotted 
slood. 

In quantitative analysis ultrafiltration has established a place for itself from 
_ the fact that it decidedly shortens many manipulations, thus saving much time.” 
By its use it was possible to simplify the investigation of silver salvarsan and 
similar compounds.1? An especially important field of application of ultra- 
filtration exists in the fact that it permits us to separate colloids having differ- 
_ ent particle sizes (fractional ultrafiltration) or such substances about whose col- 
loidal or crystalloidal nature doubt exists. In this connection attention must be 
called to the separation of various albumoses by Bechhold,’? also further ex- 
periments by E. Zunz.1® Studies concerning the nature of starch solutions by 
Fouard,** experiments for explaining cell-free fermentation processes by A. von 
Lebedew.*® Grosser 1° ultrafiltered cows’ and mothers’ milk. He thus succeeded 
in differentiating simply between boiled and unboiled milk. By means of the 
ultrafiltration of urine Bechhold and Reiner?” obtained the substances they 
called stalagmones. These consist of such semi-colloids as are found normally 
in urine (see Zandren?*) which, however, through certain pathological proc- 
esses, such as infectious diseases, nephritis, carcinoma, pregnancy, etc., are 
greatly increased (see Schemensky ™) and which belong in the group of oxy- 
protein acids. They are evidently partly responsible for the increased time of 
sedimentation of blood corpuscles in serum (Fahraeus). 

The ultrafilter has been found to be most useful in the study of toxins. 
Using this method Bechhold ”° proved that the toxon assumed to exist as an 
additional excretion of the diphtheria bacillus besides the toxin, is a much more 
strongly adsorbed poison and thus explains the chronic nature of the damage 
done by the toxon. Ultrafiltration was tried on various toxins (malignant 
edema, mallein, tuberculin, diphtheria toxin, tetanus toxin) by A. T. Glenny 
and G. S. Walpole.**. For particulars the original must be consulted. 

P. Kirschbaum *? by this method demonstrated the acid nature of dysen- 
tery toxin, which is poisonous only when in the form of salts. Scheer ?* showed 
that the ultrafiltrate of milk of leutic mothers gives possitive Wassermann or 
Sachs-Georgi reactions. 

Ultrafiltration is of especial importance for the study of equilibria in solu- 
tions, since by this method there is no change in the equilibrium between the 
crystalloidal and the colloidal ingredients. Naturally it must be understood 
that only small quantities should be filtered (so to speak, the differential estab- 
lished) in order that no changes in concentration occur. Upon this are based 
the numerous experiments on ferric oxid hydrosol by J. Duclaux and G. 
Malfitano. 

Ultrafiltration has been variously employed for the solution of purely bio- 
logical questions. For example, the experiments of Richter-Quittner,?* who 
found that all substances exercising a swelling action (blood corpuscles in 
serum) increase the time required for ultrafiltration; those of von Burian *° 
on the study of the function of the kidney glomeruli; those of Bechhold *° 
on the problem of “internal antisepsis’ and of pulsations in secretions ; ** 
recently for the explanation of kidney secretion, diuresis and edematous 
process (Ellinger **). 

Ultrafiltration has acquired technical importance in the separation of drugs 
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of therapeutic value from their impurities (resins, fats, etc.).22 Howevet 
it has not yet found its proper place in industry. ‘ 

Lastly, it must be stated that fluids free from nuclei, as well as opticall 
clear water may be obtained by ultrafiltration: the latter is adapted for ultra 
microscopic purposes (Bechhold *°). 

The question as to the applicability of the ultrafilter for the study o 
“filterable viruses” was discussed on the fifth day of the Freien Vereinigun: 
fiir Micro-biologie (Dresden, 1911) by Doerr. ive 

The electro-ultrafiltration process promises important results in freeing col 
loids from electrolytes (Bechhold). 

A number of new experiments at the Institut ftir Kolloidforschung a 
Frankfurt a/M which deal with the ultrafiltration of glue may here be briefl 
referred to. 

Recently Bechhold and Villa, by means of ultrafiltration have been abl 
to render ultramicroscopically visible, filtrable viruses and amicroscopic struc 
tures of indefinite minuteness. They first eliminated coarse particles by filtra 
tion through a fine-pored porcelain candle, and then ultrafiltered out the mor 
finely dispersed particles. The residual virus (or the like) was then gildec 
fused into a microscope slide, and the gold “‘skeleton” developed as in photo 
graphic procedure. Molecular aggregates of albumin between 4 and 10 pup o 
d’Herelle’s bacteriophage, and what is probably the virus of smallpox, wer 
thus made visible in the ultramicroscope.* 


Electro-Ultrafiltration 


As far back as 1903 Morse and Pierce ** introduced a new method o 
purifying colloids. They passed a high tension direct current through gelati 
enclosed in a parchment membrane immersed in pure water. Electrolyte 
migrated to the electrodes and were washed away by running water. Thi 
method, now called “electrodialysis,” was widely employed by America: 
investigators, and has also recently been studied by Wo. Pauli, Freundlict 
and Farmer Loeb. What Ruppel and his collaborators and Prausnitz terr 
the “electro-osmosis” method of purifying colloids, is essentially electra 
dialysis.+ 

It might be thought that electrodialysis simply hastens the elimination o 
electrolytes, at a rate varying with the intensity of the dialysis. A marke 
disadvantage of electrodialysis is unbalanced neutrality in the intermediat 
cell. Varying with the charge of the membrane, a current of water move 
from one electrode to the other, most generally from the anode to the cathod 
and this carries the products of the electrolysis into the intermediate cel 
Furthermore, the Bethe-Toropoff phenomenon comes unpleasantly into evi 
dence; this is an unbalanced neutrality in the membrane itself, whereby th 
intermediate cell acquires an alkaline reaction on the cathode side, and an aci 
reaction on the anode side. Various devices have been tried to circumver 
this difficulty (using membranes of different charge, washing with certai 
salt solutions, etc.) without completely satisfactory results. 

A material improvement of the method is coupling ultrafiltration wit 
electrodialysis, which is readily done in the Bechhold-Koenig apparatus. Beck 
hold called this process electro-ultrafiltration. An electrode may be attache 
to the outer surface of an ultrafiltration crucible; a wire may be applie 


* See paper by d’Herelle, in Vol. II of this series. J 


A 
+ See paper by P. H. P itz j 7 bes eS . . 
Pennie crethnaaine Ges Bodin See ol. III of this series, wherein are described the electr 
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directly to the filtration side of the crucible, or we may use vessels painted 
lattice-fashion with metal, to which an electrode is attached.* The anode is 
immersed in the interior of the vessel (which is filled with the colloidal solu- 
tion) and is furthermore separated from the solution by an ultrafiltration 
membrane which is formed on a balloon-shaped support. As the electrical 
transportation is taking place, suction is applied to both sides (ultrafiltration). 
(See Fig. 5.) The products of electrolysis are thus sucked away, and do not 
teach the interior vessel; thus the troublesome changes in reaction due to 
electrolysis are avoided or reduced to a minimum. Not only are electrolytes 
thereby removed, but also crystalloidal non-electrolytes. It is best to stir 
during the process. 

This apparatus is unusually flexible; for small and even minute quantities 
an arrangement like Fig. 3 will do; for larger lots, one like Fig. 4. Here 
two balloon filters having ultrafiltration membranes, are placed bottom to 
bottom, the whole being enclosed in a large flask-shaped vessel—a salt-mouth 
minus its bottom will serve. For very large quantities there may be used an. 
industrial type of dialyzer (Fig. 5), in which is immersed one or several 
balloon-shaped filters; the electrolyte drawn to the electrode within these 
filters, is sucked out. The other electrode lies below the dialyzer membrane, 
and any electrolyte appearing there is washed away by a stream of water. If 
the agitator passes through a germ-proof cover, the whole apparatus may be 
kept sterile. 

There are several ways of maintaining the neutrality of the fluid under 
treatment. 

We should see that the main course of the fluid is from anode towards 
cathode, so that there is a tendency to transport acid from the anode chamber 
into the fluid being treated. The anode should therefore be placed in the 
vessel having the greater acidity development. By bleeding off fluid just as 
soon as there is a difference in acidity, and also by choosing the correct size 
of suction vessel, the fluid may be kept neutral, acid or alkaline as desired. A 
further way of attaining a desired reaction, is to reverse the current at regular 
or irregular intervals. 


The Electrodes. 


Platinum or carbon are always used for anodes. For cathodes we may 
use carbon, iron, nickel, copper, or bronze. Wire mesh or spirals are con- 
venient forms. 

E. Heymann’s ** comparative calculations as to the efficiency of the vari- 
ous systems led to the following conclusions: 

The dimensions of the apparatus should be essentially such that the two 
membranes (AB and CD, Fig. 3) should have an area of 33/4 cm.” as 
dialyzing or filtering surface. Distance between membranes, 3 cm. Volume 
of colloidal solution, 100 cc. Both electrodes should be directly behind the 
membranes, and should have an area equal to theirs; i.e., 334% cm? The 
membrane should be 0.1 cm. thick. No change in concentration should occur 
in chamber 2 (which is prevented by stirring). The initial solution should 


be " with crystalloid, and be reduced to ace n. 


The following figures for the de-salting effect are reciprocals of the 
de-salting time. ‘“‘De-salting” here means removal of “crystalloids.” 


*These Vessels for Electro-ultrafiltration may be had of Staatl. Porzellanmanufaktur, 
NW23. 
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DE-SALTING EFFECT.. 


a cn Sa ac a il ee 


Crystalloid Being Removed NaCl Cane Sugar _ 

NIB FEM east exter ea cact utah en Rien eter eS Raa ODI CK COLYER OS Into DCD 1 0.3 
Ulieabltration (hydrophobe colloid)...........++-+++++° 14 14. 
S (hydrophile colloid) ...........+--+++ee+ 4 4. 
Electrodialysis (P.D.=40 V/cm.) .....-..-eeeeeeeeees 168 0.3 
CPDr==HO VY em) cceane cna cg arteion 42 0.3 

Electro-ultrafiltration (P.D.=40 V/cm.) .........+-+4-- 172-182 4-14 

v (CRD 10) Wisi) ocoecononmonec 46-56 4-14 

Ordinary electro-osmosis (P.D.=40 V/cm.) .......-+: Car il Ca 1 


No definite calculation could be made as to the removal of crystalloids by 
a current of water on electro-osmotic transport of water, for this depends 
on the membrane charge; the figure 1 simply denotes a maximum, and indi- 
cates that the effect is of the same order of magnitude as with dialysis. 

The above table shows the advantage of ultrafiltration over dialysis. It 
further shows that with the aid of the.electric current electrolytes may be 
rapidly removed. Electro-ultrafiltration is the most rapid method, removing 
not only electrolytes, but also other crystalloids (mixtures of electrolytes and 
non-electrolytes ). 

Experiment has not only confirmed the above calculations, but the advan- 
tages of the new method over dialysis were even more marked, for the main- 
tenance of uniform concentration in all purely dialytic processes encounters 
difficulties. Thus serum and glue solutions which take weeks to purify by 
dialysis, may be freed from electrolytes in 25 minutes; ** the removal of 
other electrolytes occurs in correspondingly short time. Since certain pro- 
teins and other biocolloids are readily attacked by bacteria, molds, etc., speeding 
up the purification process (de-salting serum and other protein solutions) is 
of special significance. Avoidance of unbalancing the reaction, is another 
advantage of electro-ultrafiltration. 


BIBLIOGRAPHY 


1. C. J. Martin, J. Physiol., 20, 364 (1896); Brit. Med. J., 4, 300 (1900); Martin and Cherry, 
Proc. Roy. Soc., 68, 420 (1898). 

2. H. Bechhold, Versam, d., Naturfor. u. Aertze, Stuttgart (1906); Zeit. f. Elektrochemie, 12, 
777 (1906); Zeit. f. physikal. Chemie., 60, 257 (1907); Koll, Zeit., 2, 3, 833 (1907); Zezt. Ff. 
physikal. Chemie., 64, 328 (1908); “Van Bemmelen Gedenkboek,” p. 430. 

2a. Bechhold and Szidon, Kolloid Zeitschr., 36, 259-71. 

_ 3. H. Bechhold, “Permeability of Ultrafilters,’ Zeit. f. phys. Chemie., 64, 328-342 (1908). 
3efore making practical trial of methods 2 and 3, the original paper should be consulted, for all 
the details of the method cannot be given in condensed form. ‘ 

4. H, Bechhold, loc. cit. 

5. H. Bechhold, Veréffentlichen a, d. Inst. f. experiment. 
published by W. Kolle, H. 11, 1920. 

6. Bechhold and Neuschloss, Koll. Zeit., 29, No. 2 (1921). 

_ 7. H, Bechhold, ‘“Kolloide in Biologie und Medizin,” Dresden, 1920, 3rd ed., pp. 15-16; trans- 
lation by J. G. M. Bullowa, “Colloids in Biology and Medicine.” ; : 

8. Wegelin, Koll. Zeit. 18, 225-237. 

ee oe IX: pers oe ae. Ghee ee 40, 1226 et seg. (1922). 

; sigmondy an ander, ‘‘Chemica Si i i 7 
eee eat ents 1 Analysis with Membrane Filters, Hannover, 1919. 


11. Binz, Bauer and Hallstein, Berichte, 53, 416 et 
12. H. Bechhold, lib. cit. ? ate dea aE 

is eed pase eres on Proteoses,’ Brussels, 1911. 

; ouard, Compt. rendus, , 817, 318, 978 et wee Lay g 

15. A. von Lebedew, Biochem. Zeit., 20, No. 1 dnd 2 i pe ROR ESE SATE 
16. ea Zeit., 48, No. 6. : 

iW echhold and Reiner, Biochem. Zeit. 108. 98- 

18. Zandrén, Biochem. Zeit., 114, 211-230. ; ede ts hae 

19. Schmensky, Biochem, Zeit., 105, 229-254, 


Therapie und Georg Speyerhaus, 


ULTRAFILTRATION AND ELECTRO-ULTRAFILTRATION 837 


20. 


H. Bechhold, See aus dem Inst. fiir exper, Therapie und Georg Speyerhaus,” 
920 


Oe ae by W. Kolle, iol aa bt 


31. 


Glenny and G. S Walpole, Biochem. J., 9, 298 et seq. 1916). 
12%, patel Wiener klin. Wochenschr., 1914, No. 2. 
Scheer, Zeits fiir Immunititsforsch., 30, No. PA, 
Richter-Quittner, Biochem, Zeit., 121, 278-292. 
von Burian, Pfliiger’s Arch. d. Physiol., 136, 741 et seq. 
13h Bechhold, Zeit. f. physiol. Chem., 52, 177 et seq. (1907). 
H. Bechhold, van Bemmelen’s Festschrift, 1910. 
Ellinger, Miinchener med. Wochenschrift, p. 1899, 1920. 
F. Mayer, Deutsche med. Wochenschrift, 42, 224° (1916). 
H. Bechhold, loc. cit. 


18h Bechhold and L. Villa, Biochem. Zeitschr., 165, 250-260; Zeitschr. f. Hyg. u. Infec- 


pars erenh, 1925 and 1926. 


32. 
33. 
34, 


Z. f. physik. Chem., 45, 589 et seq. (19038). 
E. Heymann, Z, f. ” physik. Chem., 118, 65-78 (1925). 
Bechhold and Rosenberg, Bio. Z., "157, "85 et seq. (1925). 


Centrifugal and Diffusion Methods for the Study of 
Dispersity and Hydration in Sols 


By Pror. Dr. THE SVEDBERG, 
Upsala 


For the frictional force f acting upon a spherical particle of radius 7 kept in 
motion with the velocity u in a dispersion medium of viscosity y we have the 
expression 


f = Oxnru (1) 


If the particle is not spherical, a determination of the frictional force, the 
viscosity of the dispersion medium and the velocity of the particle give us the 
radius of a particle frictionally equivalent to the particle studied. This quan- 
tity may, after Odén, be called the equivalent radius or simply the “radius” 
of a particle of unknown shape. 

The problem is to formulate expressions for f and u which can be deter- 
mined experimentally with a maximum of accuracy and a minimum of effort. 
It is further of importance that these expressions should permit not only the 
determination of the average size of particle, but also the distribution of 
sizes. All the experimental methods based upon equation 1 give the radius 
of the particle together with its adsorbed shell of dispersion medium, 1.e., 
these methods give the radius of the hydrated particle in the case where water 
is the dispersion medium. If by some other means we are able to determine 
the radius of the core of the system, these methods therefore offer a possibility 
of determining the thickness of the water-shell, 1.e., the degree of hydration 
of the particle. It will be shown in the following that the combination of 
centrifugal and diffusion methods enable us to draw some conclusions about 
the degree of hydration in cases where other methods have so far failed. It 
will also be seen that the combination of centrifuging and diffusion—either 
separate measurements on each of those phenomena or measurements on the 
combined phenomenon, viz.: the sedimentation equilibrium—make it possible 
to determine the real volume of the particle regardless of its shape, provided 
the density of the particle is known. This procedure may even be extended 
to the study of chemical compounds of very high molecular weight. If the 
partial specific volume at infinite dilution, é.e., the volume change accompanying 
the addition of one gram of the substance to a large amount of solvent is 
known, the molecular weight may be found. 

If the particle is exposed to the action of a centrifugal field the centrifugal 
orce 

4/3 . mr? (op — pa) wr 
is equal and opposed to the frictional force 


dx 
6xyr . —. 
Dat 
In this expression ¢» is the density of the particle, oq the censity of the dis- 
838 


CENTRIFUGAL AND DIFFUSION METHODS 839 


persion medium, @ the angular velocity, x the distance between the particle and 
the axis of rotation, and ¢ the time. 
Equating and integrating between the limits +, to 7, and ft, to ft, we get 1 


ey nln (42/41) 
NEG, att, — 4) oy 


In the case of a sol which only contains particles of one size, the quantity 
_ *, is the position of the boundary between sol and supernatant liquid at the 
time #4, and x, the position at the time fp. 

If the sol is very fine-grained so that prolonged centrifuging has to be used, 
the diffusion of the particles must be taken into account. The effect is a more 
or less pronounced blurring of the boundary. If the centrifuging is fast 
enough to permit a zone of clear liquid to be formed close to the meniscus of 
the sol, 1.¢., if the reflexion of the particles against the meniscus can be neg- 
lected and if the boundary is far enough from the bottom of the cell so that 
reflexion of particles from the bottom can also be neglected, the following 
_simplified solution of the diffusion equation can be used to express the diffusion 


of the particles.? 
2 y 
cx 09/2 (1—2 | ev'dy ) Co) 


RES ule 
Y="NORTH ce 


where c, is the concentration at the distance z from the sharp boundary which 
would have been formed if there had been no diffusion—z being positive in the 
direction towards the axis of rotation, c, is the concentration of the sol at the 
time t = 0, N the Avogadro constant, R the gas constant, T the absolute tem- 


y 
perature. The function 2 | way is the well known probability integral and 


can be computed from tables.® 

The exact position of the boundary which would have been formed if no 
diffusion had taken place, can be determined by means of photographs of the 
rate of change of concentration with distance from meniscus. In case of z= 0 
we have c, = 1/2.c, and the position of the boundary is therefore the point 
where the concentration of the sol has fallen to half its value. 

If the particle is hydrated, the thickness of the water layer can be found 
in the following way. Call the radius of the system: particle + water-shell FR, 
the apparent radius determined from centrifuging r_ and assume that the 
density of the water-shell does not differ markedly from the density of the bulk 
of the water. Then we have * 

4/3. 0r* (op — pa) @?4 = On . dx/dt and 
4/3 . 19 a( pp — pa) we = Onna . dx/dt 
thus 
ter / 12. (5) 


The macroscopic effect of centrifuging on a sol of equal-sized particles is 
not only a movement of the boundary but also a uniform decrease in concen- 


/ 
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tration with time.t If the sol is contained in a sectorial cell with its center 
coinciding with the center of rotation and if ce is the concentration after the 
lapse of the time ¢ and c the original concentration we have, 


v=e.(r$3) : 


where a is the distance between the boundary of the particles at the start and x 
the same distance after the time t. 
This equation can also be given the form 


— ninv'c/ce 
CaN ria (pps pa) att (7) 


which provides us with a new method of determining the size of particle from 
determinations of the decrease in concentration with time of centrifuging. 


In virtue of their kinetic energy, the particles in a sol are kept in an inces- 
sant irregular motion—the Brownian movement—and a study of this motion 
gives us a means to determine the frictional force f. Instead of studying the 
movement of the individual particles, we can study the macroscopic result of 
the Brownian movements: the diffusion. For the diffusion constant D we have 


R | ier am iE R T 


a = 8 
NF & 2>WN.6amr (8) 
The diffusion constant D is defined by the differential equation 
dc/di =D d7c/dx: (9) 


The general solution of this equation is too complicated to be used for ex- 
perimental work. Under special conditions considerable simplifications can be 
introduced. In the case of colloid solutions where the diffusion is rather slow 
the most important simplification is the one already mentioned on p. 839. A 
column of dispersion medium is placed on top of a column of sol and measure- 
ments of the concentration as a function of the distance z from the original 
boundary are made before any appreciable amount of particles has reached the 
end of the layer of dispersion medium. This means that the two columns can 
be regarded as of unlimited length. The diffusion constant and the radius 
r of particle can be calculated from the equations (compare p. 839) 


NASON oY 
—r —- -y2 
Cx aiOh fie (1 7 |eway ) 


ye (10) 


It was shown that in the expression for the frictional force obtained for 
the case that the particle is exposed to the action of a centrifugal field the 


CENTRIFUGAL AND DIFFUSION METHODS 841 


density of the.particle enters. In diffusion determinations, however, the 
density does not play any rdle at all. This fact makes it possible to calculate 
the density of the particle from centrifuging and diffusion experiments on 
the same sol. The elimination of r between the equations 2 and 8 gives 


pe LOSMEN 18D fe / 2; ) 
Pp R?T 2? (t2 — i.) + ea . (11) 
and between 2 and 4 gives 
__ SlatNeriztin( 42/71) 
Po = BRT a"(— hye + 8 (12) 


It is hoped that these equations will permit us to determine the density of 
the particles in sols in cases where other methods have failed. If we have 
reason to believe that the particle of radius R consists of a core of radius r 
of material of known density pm and a shell of dispersion medium, e.g., water, 
the solvation—or hydration—of the particle can be found. Let gq be the 
apparent density determined by equation 11 or 12, then we have for the thick- 
ness of the shell of dispersion medium 


3 
Pm Pat) 
care (Vee i) 03) 


If the particle cannot be regarded as consisting of a core and a shell, but 
is built up of an amicroscopic structure of two phases, one of which is dis- 
persion medium, the amount of the latter can be found. This method will 
probably be of importance for the determination of the hydration of proteins. 

It is also possible to determine directly the frictional constant f from the 
diffusion measurements and introduce this value in the centrifuging equation. 
In this way we get a value of the volume wv of the particle regardless of its 
shape. We have 


f .dx/dt = v(p — pa) wx 


RT 
f=ND 
thus 
RTin( 42/41) 


°= ND(¢p— fa) 0*(t— fi) Be 
where x is increasing in the direction towards the center of rotation and ¢ 
and c, are the concentrations at the points +, and +, respectively. 

If the particles are regarded as molecules of a definite chemical compound 
of molecular weight M, and partial specific volume at infinite dilution V, pro- 
ducing a solution of density pe, we get 


RTIn( 42/41) 
D(1 — Ve) w? (tz. — t1) 


The combination of centrifuging and diffusion data therefore provides us 
with a new method for the determination of molecular weights of substances 
with big molecules. Equation 15 does not involve any assumption regarding 
the shape of the molecule, the viscosity of the dispersion medium, etc. By 
means of centrifuging the value of +,/#, corresponding to a certain time in- 
terval tp —t, and a certain angular velocity w at a certain temperature T is 


MC = 


(15) 


842 COLLOID CHEMISTRY 


determined. By means of diffusion experiments the value of the diffusion 
constant at the same temperature is measured. The quantities V and p can 
always be determined by pycnometric measurements. 

Instead of measuring the centrifuging and the diffusion separately, one can 
combine them by measuring the sedimentation equilibrium, The variation of 
acceleration with distance from the center of rotation is taken into account 
by using the following differential equation ° 

dc/c =— N/RT .v( pp — pa) w?xd x 
which integrated gives 
Inco/¢: = — N/RT .v(pp— pa) @”. (42 + 41) /2. (42 — 41) 


ee RTIn(¢1/c2) (16) 
Nv(¢p— pa) @”. (42 +41) /2. (42 — 41) 
If the particles are regarded as molecules we have 


well haghh id TTR Caf 6a) | Nap tebetpieg ae 
(1—Vp)w? . (42 + 41)/2. (42 — 71) (17) 


This important equation enables us to calculate the molecular weight from 
determinations of the concentration at the points +, and x, after sedimentation 
equilibrium has been reached. The temperature, the angular velocity of the 
centrifuge and the partial specific volume of the solute must also be known. 


or 


M= 


In the case of so-called colloid-electrolytes where the particle may be 
regarded as a polyvalent ion surrounded by a number of osmotically active 
ions of low valency (usually monovalent ions) or in the case where the par- 
ticle has adsorbed a certain quantity of an electrolyte in such a way that a 
certain number of the ions of either sign are osmotically active the preceding 
equations for the velocity of fall, for the diffusion and for the sedimentation 
equilibrium require some modification.® 

Suppose the colloid-electrolyte to consist of n-valent cations surrounded by 
n univalent anions. Let the molecular weight of the cations be M,, of the 
anions M, and the partial specific volume of the cations /, and of the anions 
Vq. Further we call the mobility of the cations « and the mobility of the 
anions v and the concentration in mol per liter c. 

By means of Nernst’s method of reasoning’ we derive the expression for 
the diffusion constant D in the following way. Call ds the mass of electrolyte 
which by virtue of diffusion passes a section 1 square centimeter of the diffus- 
ing column in the time df, and call E the field potential caused by the partial 
separation of the cations and anions by diffusion, then we have: 


ds =—uc (l/c. RT .dc/dx + n.dE/dx)dt 
nds =—vne(l/ce.RT.dc/dx— dE/dx)dt 
thus 
ds=—RT.; sO ieE) TOC; 02,04 
; nu+y : 
which gives 
ie uv(n +1) 
Dale Wns (8a) 


If we call the frictional coefficient for i 
t one mol of cations F, = 1/u and for 
one mol of anions Fy = 1/v this equation can be given the form : 
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= (Eta) (8b) 


_ If the ions may be regarded as spherical with the radius 7, and rq respec- 
tively, we get 


Hoey Omir wand. fy = Noni, 
thus 


“n( E) a 


The velocity of fall of a colloid-electrolyte in a centrifugal field can be 
found in the following way.’ 
For the cations we have 


w?4M,.(1—V 9) —n.dE/dx =1/u.dx/dt 
and for the anions 
w4Ma(1—Vap) + dE/dx = 1/v.dx/dt, 


thus after elimination of E and integrating 


eh ey) SEP obey ce = (15a) 


By means of equation 8a the mobilities can be eliminated, 
M.(1—V.p) +nMi(1—Vap) ss RTInx2/4, 


ear = Daten ae) 


The sedimentation equilibrium for a colloid-electrolyte can be found in the 
following way. When equilibrium is reached the mass ds of the electrolyte 
which streams through the section 1 square centimeter towards the center of 
rotation during the time dt by virtue of diffusion, must be equal to. the mass 
streaming towards the periphery by virtue of the fall. 

The fall of the cations gives 


ds = uc{w? X M,(1— Vp) —n.dE/dx|dt 
and the fall of the anions 

ds = vc[w? X Ma(1— Vap) + dE/dx] dt 
thus 
__ uvo® X c[M.(1— Vee) + 1Ma(1 —Vap)] 
a nu + vu 


On the other hand we have just shown that for the diffusion 


ds . at 


% wv (n+ v) 
ds =—RT. Sees nOG/Ota Ob. 


Equating and integrating we get 
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M,.(1—Vee) + M.(1—Vap) =a RTInc,/c2 (17a) 
ok eh Baer o(2F*) ee 


The last equation is of especial interest. If Ma is small compared with 
M, and n a comparatively great number we have the approximate equation 


nRTInc1/Co 
_ 17b 
°= GV) ee + 1)/2. A) Che 
By means of this equation it is possible to calculate the molecular weight 
of the slow ion of a colloid-electrolyte if the number of osmotically active 
ions of opposite sign is known. 


The distribution of size of particle in a sol can be found from centrifug- 
ing data in the following way, provided any notable diffusion has not taken 
place during the time of centrifuging. In a thin layer dr of the sedimenting 
sol the change in concentration dc; from the section at # to the section at 
a -+ dx is due to particles with radius r to r + dr, the values of r being de- 
termined from equation 2. If dc:/dx is measured the distribution function 
dc/dr is found from the expressions 


M 


dc/dr = dc/dx/dr/dx (18) 
de dcr. (2t2)’. 
a 
Thus we have 
_dc;/dx (%--a\* 
de/dr = iefden ( 5 ) (19) 


In the case of very small particles the influence of diffusion upon the 
variation of concentration with distance from the axis of rotation has to be 
taken into account. If the sol is comparatively uniform, it is sufficient to 
determine the percentage mass of a few size-classes. The diffusion curves 
for these particles are calculated by means of the equations 3 and 4. For a 
certain time of centrifuging the position of the boundary lines which these 
particles would have given are calculated from equation 2. The position of 
these boundaries constitute the zero points for the different diffusion curves. 
These theoretical data enable us to calculate for different distances x from 
the meniscus of the sol the contribution c;,z which each size-class gives to the 
total concentration cz. These contribution terms have to be multiplied by the’ 


a ; : 
factor (=) and by the factor FP; which expresses the relation between 


the mass of each size-class and the total mass of the disperse phase. Thus 


we have 
k 


a BPs tra (<i) (20) 


If k size-classes are chosen k observations are necessary to determine the 
unknown quantities F;, Fy ,... Fr The system of equations obtained 
can be solved conveniently by means of determinants if the number of un- 
knowns, that is, the number of size-classes chosen, is low. If the number of 
size-classes is high the method of successive approximation must be used. 
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From pure diffusion data the distribution of size of particle can be found 
by a method of calculation similar to the method just described. The particles 
in the sol are distributed into a number of size-classes J, IJ, . ... k and the 
contribution c;,. which each of these size-classes gives to the total concentra- 
tion cz in a point at the distance x from the original boundary between sol 
and pure dispersion medium is calculated from equations 3 and 4. The sum 
of all these contributions, each of them multiplied by the factor F,; which 
expresses the relation between the mass of each size-class and the total mass 
of the dispersed phase, give the value of c, or 


k 
Cy = Mee Cra ae 
dete 


The values of F;, Fy, ,... FP, have to’ be found from-a system of 
equations in the same way as we have already described it on p. 843. 

From measurements of the sedimentation equilibrium the distribution of 
size of particles can be found in an analogous way. We get 


k 
Gas Dice eye, . (22) 
T 
h ‘ 
Cr i been A" dal, (23) 
0 


where A = N/2RT . (0p — 0a)”, D2 is the width of arc of the column of 
sol at the point x, v,; is the volume of a particle of the first size-class, cr the 
concentration of the first size-class at the bottom of the cell and / the height 
of the column. The bottom of the cell is taken as the origin of x and this 
quantity is taken positive in the direction towards the center of rotation. The 
total mass of the disperse phase is taken = 1 and the depth of the column of sol 
is taken = 1. As shown by Rinde the integral in equation 23 can be solved 
after introducing the expression for b, against + and computing the area 
between zero'and h.. If this value of the integral is B then c; =F,/B is 
substituted in equation 22 and this equation is then treated as equations 20 
and 21. 

The technique of measurement used so far for: the realization of the ex- 
perimental conditions of the preceding equations is briefly summarized on 
the following pages. eae 

The experimental details of the centrifuging methods have been worked 
out by Nichols and the writer in the University of Wisconsin chemical labora- 
tory ® and by Rinde and the writer in the University of Upsala chemical 
laboratory.!° The first instrument built allowed the determination of size 
of particle down to r= 20 wu in the case of gold. The second instrument— 
for which the name ultracentrifuge is proposed—has been used for the deter- 
mination of gold particles down to r= 2 uw by the method of measuring the 
rate of fall’of the particles. By means of measuring the sedimentation equi- 
librium it is now being used for the study of size of particle and molecular 
weight of proteins. Measures have also been taken in order to extend the 


range of the ultracentrifuge still further. 


846 COLLOID CHEMISTRY 


The construction of the ultracentrifuge is shown in Figs. 1, 2 and 3. The 
sol to be studied is enclosed in a special cell of sectorial shape having plane 
parallel windows. One of the types of cell used is shown in Fig. 3. It takes 
about 1 c.c. of sol. After filling the cell is closed by a small fiber stopper. 
The rotor 5 Fig. 1 which carries the cell rests on the vertical shaft 15 Fig sl 
and these two parts together form a “spinning top.” The energy of rota- 
tion is delivered by the motor D Fig. 2 and transferred to the shaft 15 by 
an endless screw device and a system of special couplings which serve to 
isolate the rotor from the vibrations in the motor and the pulley C Fig. 2. 
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Fic. 1.—Diagram of the ultracentrifuge. 


The speed of the rotor can be varied from 5,000 to 10,000 revolutions per min- 
ute. To prevent convection currents being formed in the sol, it is necessary 
to keep the sol at constant temperature during centrifuging. Hydrogen gas 
of constant temperature is therefore passed around the rotor (see 18, 24, 2 
Fig. 1 and E, F Fig. 2), water is passed through a spiral slot in the bearing 
6 Fig. 1 and oil of constant temperature kept in motion by a circulation 
pump G Fig. 2 is constantly poured on the endless screw 16, 29 Fig. 1. 
Thermocouples 25, 7 Fig. 1 in the bearing 6 and in the casing of the centrifuge 
enable the experimenter to control the temperature difference between bearing 
te va difference should not exceed 0.3°. 

__ lo permit observations of the sol during centrifuging, the casing i - 
vided with two windows 12, 1 Fig. 1, one - the otic and one ‘s the lid 
Below the lower window a reflecting prism 14 Fig. 1 is mounted so as to 
direct a horizontal beam of light vertically through the centrifuge. A cir- 


CENTRIFUGAL AND DIFFUSION METHODS 847 


{ 1¢em j ; (en 
Fic. 3—Cell for the ultracentrifuge. 


cular disc of ebonite 3 Fig. 1 with an aperture coinciding with one of the 
sectorial cells is placed on top of the glass cell and cuts off all the light except 
the light which has passed the sol in the sector in question. The other sector 
serves only as counterweight. At some distance from the centrifuge a 500 
watt Philip’s Argenta lamp fed by storage cells is mounted providing an in- 
tense and even source of white light (L Fig. 2). A cell 5 cm. deep con- 


COLLOID CHEMISTRY 


848 


Lee Ce eee 


Fic. 4.—Camera for the ultracentrifuge. 


Fic. 5.—The ultracentrifuge. 


taining ,water is inserted between lamp and reflecting prism to cut out the 
ultra red. Observations are made from a room above the one where the 
centrifuge is mounted, through an aperture in the ceiling. By means of a 
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special camera K Fig. 2 and Fig. 4 provided with an objective of 55 cm. 
focal length, photographs of the sol are taken during centrifuging. The shutter 
M Fig. 2 is controlled by means of an electromagnet and can be operated 
from the room where the camera is mounted. The galvanometer for the 
thermocouples and the device for the control of the water current for the 
bearing 6 Fig. 1 are also placed in the upper room. 


Fic. 6.—Photographs of the sedimentation of a gold sol of 11.6 wu average radius during 
centrifuging at a speed of 5700 r.p.m. 


For the study of certain proteins all glass parts of the apparatus through 
which the illuminating beam passes are replaced by quartz and a quartz mer- 
cury lamp is used for illumination. ; 

When studying the sedimentation equilibrium, it is necessary to have 
the centrifuge running for a considerable time to ensure complete equilibrium. 
The instrument described above has been kept running for 70 hours at a speed 
of 10,000 r.p.m. without any disturbance occurring. 

Fig. 5 gives a view of the centrifuge. 


Gola sol —— 


Till 


«Meniscus line 


Frc. 7—Microphotometric records of the sedimentation of a gold sol of 11.6 ww radius. 


As an example of the use of the ultracentrifuge a few data from the study 
of a gold sol of average radius 11.6 py are given. Twelve exposures of the 
sol in question were made during centrifuging (speed 5700 rp.m.) every 
5 minutes. On the same plate was printed a neutral tint wedge (Fig. 6). 
On another plate a series of exposures of the same sol in different degrees 
of dilution were made shortly after starting the centrifuge; the same wedge 
was printed on the second plate. All the pictures of the sol as well as the 
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prints of the wedge were then recorded by means of a self-registering Sieg- 
bahn microphotometer. In Fig. 7 two such records are reproduced, A rep- 
resenting the 2nd and B the 5th of the exposures in Fig. 6. By means of 
these microphotometric records the curves giving the relation between con- 
centration of the sol and the distance from the meniscus, viz., from the axis 
of rotation, can be constructed, if necessary corrections for the variation of 
light-absorption with size of particle are introduced. In Fig. 8 these con- 
centration curves for the sol in question are reproduced. ‘The distribution 
curve calculated by means of one of these concentration curves is given in 


Fig. 9. 
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Fic. 8.—Diagram giving the relation be- Fic. 9.—Distribution of size of particle 
tween concentration and distance from in a gold sol determined by means of 
center of rotation in a gold sol during the ultracentrifuge. 
centrifuging. 


_ To demonstrate the case where the influence of diffusion has to be taken 
into account some data from the study of a more fine-grained gold sol are 
given in Table 1, 


TABLE I 


DISTRIBUTION OF SIZE OF PARTICLE IN A GoLtD Sot CALCULATED FROM A PHOTOGRAPH OF 
THE Sot DurtnGc CENTRIFUGING 


t = 7200 sec. 

wo = 190 x 

T = 289° 

Radius of Particle in wu bat et i apeean ties ae 

ae Rr! Ab nepiat Ne oe Sinton! 
2.0 do Lien Gu ea Ue Sar 03 
2:5) fc dughatle ccemieely pe aa ye ail eae 3 
af POPE RAC HIOI COr eT O RS ritin Soo noma} Oh AGU wes 20.7 
Wy DEL ETEUARSTEE OAT CE galetcirraas aegetaer 35.2 
Or aos designate era sits onshore aC oTORY Eat ean ae 34.4 
4.5. Shine eae s GnAe Ne en ee 0.0 
5.0. Lede abate oni ene 0.0 
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An example of the determination of size of particle in a very fine-grained 
ee eal prepared by reducing gold chloride with phosphorus is given in 
able 2. 


TABLE II 


DETERMINATION OF SIZE OF ParTICLE IN A Gop Sor By MEANS oF THE ULTRACENTRIFUGE 
Speed = 8700 r.p.m., w = 290 x, T = 290. 
Distance between Radius of Particle in wu Calculated from: 


Axis of Rota- 
tion and In- Zsig- 


TiigGe Ska kmalet Creme, _ Samana, _ [Fan ered gets 
Sec. Curve in Cm. Original Sol. 2 (Pp — Pg)? (te — tr) 2 (Pp — pq)? t Method 
S000 er. were 3.70 100 _ — = 
$400. ie 3.78 — 2.0 — a 
72005 tee 3.87 75 2.1 2.4 _ 
9000 tear. 3.96 68 Za 2.6 — 

shee te 4.00 59 129 2.9 — 
Average 2.0 Average 2.6 25 


As an example of the determination of molecular weights by means of 
the ultracentrifuge some data from a recent study on hemoglobin carried out 
by Fahraeus and the writer are given in Table III. 


TABLE III. 


DETERMINATION OF THE MoLecuLar WEIGHT OF CARBONMONOXIDE-HEMOGLOBIN BY 
MEASUREMENT OF THE SEDIMENTATION EQUILIBRIUM ON THE ULTRACENTRIFUGE. 


Speed = 8700 r.p.m., @ = 290 x, T = 293, t = 39 hours, partial spec. volume = 0.749. 


X1 X2 Ci C2 M 
in cm. in gr. per 100 cc. 
4.61 4.56 1.220 1.061 71300 
4.56 4.51 1.061 0.930 67670 
4.51 4.46 0.930 0.832 58330 
4.46 4.41 0.832 0.732 67220 
4.41 4.36 0.732 0.639 72950 
4.36 4.31 0.639 0.564 60990 
4.31 4.26 0.564 0.496 76570 
4.26 4.21 0.496 0.437 69420 
4.21 4.16 0.437 0.388 66400 


Average 67870 


For the determination of diffusion constants according to the equations 3 
and 10, the following experimental arrangement has been worked out by 
Janson and the writer and is now in use in the writer’s laboratory. The 
diffusion cell is shown in Fig. 10. By means of the stop-cock A with double 
bore and three outlets, the solution can be run down very slowly from the 
vessel B into the diffusion vessel C which has been provided with a suitable 
quantity of solvent or dispersion medium. The cell is mounted in a special 
stand—not shownin the figures—which permits the stop-cock to be manceu- 
vered from the outside of the thermostat holding the cell. It is isolated with 
regard to vibrations transmitted from the surroundings by means of a special 
arrangement similar to the Julius suspension * (Fig. 11). The stand A carry- 
ing the diffusion cell is suspended at three points situated in the plane through 
the center cf gravity of the system and supported by three spiral springs B 
and thick rubber plates C, which rest on three iron pillars D. The counter- 
weights F serve to adjust the center of gravity and bring it into the plane 
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of the boundary between the diffusion solution and the solvent. This position 
means a minimum of. vibrations inthe diffusing liquid. The diffusion cell 
is surrounded by a thermostat G, containing either ice or water of the tem- 
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Fic. 10.—Diffusion cell. Fie, 11.—Diagram of diffusion apparatus. 


perature wanted. The diffusing solution can be illuminated either from be- 
hind or from both sides by means of suitable lamps, and pictures of the diffus- 
ing column are taken from time to time. The camera used for this purpose 
has a lens of considerable focal length, viz., 61 cm., to avoid parallax. In 


Fic. 12.—Diffusion apparatus. 


the case of the study of the diffusion of proteins, two quartz mercury lamps H 
are use for the illumination and special glass filters I which only transmit 
the line 366 uy are inserted between the lamps ahd the diffusion cell. The 
lamps are enclosed in water-cooled housing to protect the thermostat from 
the heat radiation, Under the influence of the strong ultraviolet illumina- 
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tion many proteins fluoresce strongly. Pictures of the fluorescence are taken 
during the diffusion, and if by special measurements the relation between in- 
tensity of fluorescence and concentration of the protein is known, the varia- 
tion of concentration with height in the diffusion column can be computed 
from microphotometric records of the pictures. 

Fig. 12 gives a view of the diffusion apparatus. 

As an example of the procedure Fig. 13 gives the fluorescence photograph 
of a 4.5 per cent egg-albumin sol, A at the start and B after 32 hours. In 
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Fic. 13.—Fluorescence photography of the Fic. 14.—Microphotometric record of the 
diffusion of egg albumin. diffusion of egg albumin. 


Fig. 14 the microphotometric record of B is reproduced and in Fig. 15 the 
concentration curve derived from it. The diffusion constant calculated by 
means of equations 3 and 10 is 0.041 at 0° C. 


100% 


50% 


“4 -10-$8 © -4# 202444 6 3 10 2 mm 


Fic. 15.—Diagram giving the relation between concentration and distance from the 
boundary surface in the diffusion of egg albumin. 


In the case of colorless substances which do not fluoresce sufficiently, pic- 
tures may be taken by illuminating the diffusing column from behind by 
ultraviolet light of suitable wave length. Many proteins show a very strong 
absorption near the mercury line 253 wu and light of this wave length can be 
isolated by means of a filter containing gaseous bromine and chlorine.” All 
parts of the apparatus through which the radiation passes must in this case 


be made of quartz. 
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Svedberg and Fahraeus (J. Am. Chem. Soc., 48, 430-38 (1926) ), measured the sedi- 
mentation equilibrium of carbon-monoxide-hemoglobin and of met-hemoglobin with the 
ultracentrifuge, and conclude “that hemoglobin solutions are built up of. molecules con- 
taining four groups of molecular weight 16,700; that is, that the,,molecular weight of 
hemoglobin in aqueous solution is probably 66,800.” er 2re os 


Subsidence in Colloidal Systems 


By Eucene E. Ayres, Jr., Swarthmore, Pa. 


Suspended particles of colloidal magnitude will settle under the influence 
of gravity or centrifugal force, if the mass of the particle is sufficiently large. 
When the mass is sufficiently small, the particles must remain always in 
suspension. This property of dispersoids is a function of mass alone. Mass 
is equal to volume times density. 

The ordinary unit of measurement of colloid particles is the or micron, . 
which is 0.0001 cm., or 10° cm., and the py, or sub-micron, which is 0.001 p, 
0.0000001 cm., or 10°7 cm. 

Particles are often considered of colloidal magnitude only when they have 
a radius smaller than 0.1 uw. But there are some emulsions with globules 
as large as one centimeter radius that exhibit distinctly colloidal characteristics 
in subsidence, in the effects of added electrolytes, and in the effects of added 
emulsifying colloids (such as sodium and calcium soaps.) The globules in 
these emulsions, although huge in size, are of low mass, because their abso- 
lute density (difference between the specific gravity of the globule and the 
specific gravity of the medium) is very small. The globules are also well 
protected from coalescence by tenacious adsorbed films. These very small 
absolute densities are not common. Colloidal phenomena are, therefore, more 
frequently observed where the low mass is caused by small volume. 

Ordinary filter paper holds back particles of about 5 uw; a hardened filter 
paper, those about 2 p in diameter.t. The best clay filters will retain particles 
larger than 0.1 w diameter.2 The extreme limit of microscopic visibility 
is about 0.1 uw. The lower limit of the ultramicroscopic is about 3 up. The 
diameter of the starch molecule is said to be about 5 pu.* A fair average 
molecular diameter is about 1.0 uu. 

Thanks to Stokes’ Law for velocity and Perrin’s Law for distribution, 
it is a simple matter to express concretely the conditions for complete or 
partial subsidence. We can tell what size of particle, density, and force 
are necessary to make a complete subsidence possible. We can compute the 
time required to obtain whatever subsidence may be possible. We.can go 
still further and compute the extent of partial subsidence for conditions 
where osmotic pressure is larger than gravity or centrifugal force, and. we 
can compute the force theoretically required to move a given particle through 
a given depth of a given liquid in a given time. 


Stokes’ Law 


Stokes’ law for the eventually constant velocity of a particle acted upon 
by a constant force and moving through a medium of finite viscosity \has 
been found to apply accurately to suspended colloids.* *** The general form 
of the law is— 


* Stokes’ law fails with very small droplets falling in air. See paper by R. A, Millikan, this 
volume, p. 174. J. A. 
855 
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ore ii 
as 6rry : 
where U is velocity of the particle of radius r, acted upon by the force f, 


while the viscosity of the medium is y 
When the law is applied to particles of given mass acted upon by the 


acceleration of gravity, it is necessary to put— 
f= mg 


== 7.0.7 
where d represents absolute density—t.e., the difference between the specific 
_ gravity of the particle and the specific gravity of the medium. 
Thus, we have— 


Using centimeter, gram, second units, g = 980 


Ug 22 10" 


This equation may be satisfactorily applied to the subsidence of colloid 
particles by gravity, provided the osmotic pressure opposing subsidence is 
inconsiderable in relative magnitude. Where the tendency toward uniform 
distribution is strong, the force acting upon the particle is a resultant of two 
opposing forces. Whether or not complete subsidence can occur depends upon 
this resultant. 


PERRIN’sS LAw 
Perrin’s law * is— 


loge = = mgkx 


where c, is the concentration of particles at the initial level o (see Fig. 1), cz 
is the concentration at the height +, m is the mass of the particle, g is ‘the 
acceleration of gravity, and k is a constant equal to Avogadro’s constant 
divided by the product of the perfect gas constant and the absolute tempera- 
ture. ee eee of k, anaes to the kinetic theory, is the osmotic pres- 
sure of one particle in unit volume. Assumin 

is about equal to 3 < 10° in c.g.s. units. React in: 

We may put— 


m= : sured 
wherefore 
mok = 107d =, 


By computing the concentration of particles at the bottom, middle and top 
according to Perrin’s law, it appears ® that subsidence is measurable but far 


=a 1 
from complete when a= 1. When «= 1, ie =mg=f. The osmotic pres- 
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sure is equal to the force imparted by gravity. Subsidence is found to be 
nearly complete when «= 10, or when the force of subsidence is ten times 
as great as osmotic pressure. 


GRAVITY SUBSIDENCE 


* The criterion for subsidence may, therefore, be conveniently taken as a = 
peas yt | 
7 diel 0 6 | 


When the particle is of such size and of such absolute density as to satisfy 
the above equation, subsidence is possible. When r*d is smaller than 107°, 
complete subsidence is impossible. 

Velocity, by definition, is the distance traversed in unit time. The time, | 


t, required to move one centimeter is Fi 
— ae -13 n 
Rm 4 XE LO Pd 


It is sometimes convenient to express t in terms of «. 


t=45 x 10% oe 


when a = 10 


Ca 4 Da Ke O ny, 


hl 
=o O21} \; 


The above is an interesting expression, for it gives the time required for 
the complete subsidence of the smallest particles that can settle by gravity in 
a liquid of given viscosity and density. If one could assume that no agglom- 
eration or crystallization takes place in a given case, we can thus compute how 
long a settling must be allowed before subsidence will cease. We can also 
know the maximum size of the particles that still remain suspended. 


TABLE I 
fe fam 0.01 0.1 1.0 10.0 
n 

0.001 12 days 5 days 2% days 1 day 
0.01 4 months 50 days 23 days 12 days 
0.1 3 years 16 months 8 months 4 months 
1.0 30 years 13 years 7 years 3 years 
r= 0.3 w 0.1 w 60 pw 30 wu 


Table I shows the time, thus derived, for settling in liquids of various 
viscosities (c.g.s.). The absolute density, d, refers to the difference between 
the specific gravity of the particle and the specific gravity of the medium. At 
the bottom of the table is shown the maximum size of particles still remaining 
in suspension. 
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CENTRIFUGAL SUBSIDENCE 


For the most part, the extension of the foregoing theory to the centrifug 
is without complications. : , 

Perrin’s law requires suitable modification ® to take into account the in 
crease in centrifugal force as the distance is increased from the center o 
rotation. : 

By computing equilibrium in a one centimeter depth of liquid in a rotatin; 
tube 2 centimeters in radius (see Fig. 2), it develops that subsidence shoul 
be complete when mkFg is 10 or greater, where F is the centrifugal force a 
the periphery (+= 0) in terms of multiples of the force of gravity. If th 
centrifuge develops a force one hundred times the force of gravity, F = 100 
The criterion for centrifugal subsidence is, thus, that the centrifugal fore 
urging subsidence is ten times as great as osmotic pressure opposing sub 
sidence. This may be expressed by 


8 — mkFg = 10rdF = 10 
or 


dF = 107° 


Over the entire one centimeter depth of liquid in Fig. 2, the mean fore 
will be the arithmetic mean of forces from + =1to x= O. This is 0.75 Fg. 
Mean velocity is therefore— 


y= 1.5r?dFg 
on 
as sad 
Ge Onl O dE 
or =O well One rs 
5 
when Bien lO 
Rice= On Gel Os a9" 
8 
and Ct OGL ve 


dF 


The above expression shows the time required for as complete subsidenc 
as may be obtained with centrifugal force in a liquid of given viscosity anc 
density. 

_ Table II shows the time according to this formula for various viscosi 
ties and densities, when the centrifugal force is 50,000 times the force o 
gravity. This is the highest force now commercially applied. 


TABLE II 
cS 0.01 0.1 1.0 10.0 
0.001 et 
\ hours 3 hours 1% hours 30 min. 
0.01 2% days 30 hours 15 hours 5 ee 
0.1 25 days 14 days 7 days 2% days 
1.0 8 months 4Y%4 months 2 months 22 days 


pe 5 pw 3 ww 1Y% pp 0.5 pps 
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A force of 50,000 times gravity reduces the maximum time of settling in 
water (1 = 0.01) when the particles have a specific gravity of 1.10 (d =0.1) 
from 50 days to 30 hours, while at the same time the size of particles left in 
suspension is reduced from 0.1 p to 3 wn. 


APPLICATION OF THEORY 


_A number of convenient formule may be readily derived from the fore- 
going. For example, the radius of the particle that will settle through one 
centimeter in one minute is— 


r=85 x 10° \" 


A particle whose specific gravity is 1.10 (d = .1) should settle through one 
Be ineler of water (7 = .01) in one minute when the radius of the particle is 

UL. 

A similar expression for the centrifuge is— 


an Pye ie 
r= lott 


In the above example, the particle under a centrifugal force of 50,000 times 
gravity would have a radius of 0.14 u. 

To compute the centrifugal force necessary to settle a particle through one 
centimeter in one hour— 

se rig atl 

B ied ony call 7d 

In water (y=0.01), when the particle has a specific gravity of 1.10 

(d = 0.1), the force corresponding to various sizes of particles is as follows: 


r F 
QFE Le 1,500 
60 ww 5,000 
40 wun 10,000 
20 un 40,000 
10 pp 150,000 
Cm 500,000 
4 wu 1,000,000 
ke gra 15,000,000 
0.1 wu 1,500,000,000 


At first glance, it is surprising to see how a slight decrease in the size of the 
particle must be accompanied by such a marked increase in centrifugal force.* 
A starch molecule (5 ww) in water would require a force about one million 
times the force of gravity. Most molecules would require a billion and a half 
times gravity. These forces are far beyond the possibilities of any machines 
at present available. 


PRACTICAL CONSIDERATIONS 


Gravity subsidence is complicated by two disturbing factors: (1) convec- 
tion currents, which interfere with subsidence, and (2) agglomeration crystal- 


* This is because at this stage, a slight decrease in size means a large increase in kinetic motion. 
See paper by J. Alexander, this volume. J 
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lization, which, by increasing the mass of individual particles, accelerates 
subsidence. : f 4 

Convection currents are difficult to avoid. Various investigators of equi- 
librium in dispersoids have obtained results conforming to theory only when 
they have used capillary tubes. On a larger scale, the best we can do is to put 
the liquid in a vessel or some mateiial of low radiation powers, keep the vessel 
completely surrounded by an atmosphere of even temperature and to protect 
from light or other radiations. a ee ‘ 

Any discussion of agglomeration or crystallization is outside the scope of 
this chapter. We may mention, however, the interesting fact that electric 
charges of colloid particles are said to be in all cases too small to affect sub- 
sidence, though they may greatly influence the rate of agglomeration or crys- 
tallization.’° ; 

Centrifugal force may be applied continuously or non-continuously. The 
non-continuous machines are sometimes the more convenient for laboratory 
manipulation, but the continuous machines are capable of extending much 
greater forces, and of handling practical volumes. 

Convection currents are not negligible in centrifugal machines of any type, 
but in a continuous machine, as ordinarily used, the time of subsidence is short 
enough to reduce this disturbing factor to a minimum. Greater interference 
with subsidence is found in poor displacement, whereby each portion of liquid 
is not subjected to centrifugal force for the same length of time. This is a 
problem of machine design. 

Some dispersoids that will settle within a short time by gravity cannot be 
settled in a powerful continuous centrifuge at normal rates. These are cases 
where the larger portion of the time taken for subsidence is for agglomeration. 
(An example is ferric hydroxide in water.) Comparisons can be properly 
made between gravity and centrifugal force only when agglomeration is im- 
perceptible. 


COALESCENCE 


One of the problems in gravity or centrifugal subsidence of emulsions is 
to obtain the coalescence of settled globules. An interesting experimental fact 
is that the most powerful centrifuge will cause only slightly more coalescence 
than may be secured by gravity settling. It would seem that the sufficient 
condition for any coalescence obtainable is mere contact between globules. 
The pressure of one globule against another brought about by high centrifugal 
force appears to be a negligible factor. 

The phenomenon of coalescence has not received mathematical analysis. 
Such an analysis might show a distinct advantage in degrees of centrifugal 
force higher than 50,000 times gravity. 
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Sedimentation-Analysis and Its Application to the 
Physical Chemistry of Clays and Precipitates 


By Pror. Dr. SvEN Open, Stockholm 


INTRODUCTION 


The determination of the size of small particles is based either on the 
counting of the number of particles in a definite volume of known concen- 
tration, or on the classical equation for the resistance, w, of a liquid of 
viscosity 1 towards the movement of a sphere of radius, r, and velocity, v, 
put forward in 1849 by Sir C. G. Stokes.? 


w = 6nrnu. (1) 
If the moving force is gravity and a constant velocity of fall is attained then 
6nrnv —4 mr? (o—0,)g 


from which 


et pa 
ae UE n . 
» 2lo—a)9 , 
Se toh ane Sa Yr (2a) 
Ue= Gr? (2b) 


paqeayh ve=Kkve (2c) 


Here g = gravitational acceleration 
o = density of the particle 
6, = density of the fluid, for water approximately = 1. 


This is the ordinary form in which we know this equation, fundamental for 
the problem in question. 

The first method mentioned gives us the average size of the particles which 
indeed may vary within wide limits; the latter method may be applied to 
the movement of a single particle directly and gives the size if the shape 
approaches the spherical. | 

For colloids in general the average size was determined by the first 
method by R. Zsigmondy.’ Stokes’ equation was first applied to soil particles 
by Sir Daniel Hall* in 1904, and to other colloids by J. Perrin.* | 

in systems consisting of a great number of particles, as colloid solutions 
in general, at first no attention was paid to the variation within a certain “dis- 
persity,” and I think that the first attention to the importance of variations 
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from the mean value was given by the writer in 1911, when the conception 
of “isopsegmatic” and “‘anisopsegmatic” systems was developed and the various 
properties of such systems was demonstrated on colloidal sulphur.® 

The method of determining the distribution was very rough, and con- 
sisted in a separation of certain size-groups by means of fractional coagula- 
tion with NaCl. This work was extended to colloid silver in 1912, where 
NH,NO, was used as a coagulator.® 

The application of Stokes’ equation to systems consisting of particles of 
various size was made in 1911 by The Svedberg and K. Estrup," who 
counted the various fall-velocities of a great number of single particles and 
thus obtained the first distribution-curves of systems such as cocoa-milk, 
gamboge-suspensions and suspensions of mercury. 

For soils the separation-methods dividing the particles into coarse and 
fine fractions have been practiced since the days of H. Davy,® and we have 
got the various methods of mechanical analysis which need not be described 
heres 


6trpyv 


Sasa) 
ies 1 


The technique of the counting-method was further developed by A. West- 
gren,?° but. when I tried in 1914 to get the distribution for soil particles, the 
method failed because the limits of size and velocity here are so wide, the 


latter varying from 1.10°° (size 50 wu) to over 400 —— (size I mm.)j 
sec. 


and I began to consider other means to obtain the distribution curves, which 
finally led to the automatic recording balance of 1924. For soil particles and 
coarse suspensions the Maxwellian conception of distribution according to 
size was introduced ** in 1915 though the principle underlying the experi- 
mental arrangement to obtain the distribution F(r) in a then forgotten paper 
by Th. Schloesing, pére, 1903,3 is intricate. 

__In order to interpret the signification of “distribution” * we must first de- 
cide which are the most convenient variables to express the size. 

Even if grouping according to velocity is more free from theoretical 
assumptions ** involved in Stokes’ equation, and the mathematical theory be- 
comes simpler,** it is easier and more familiar to the human mind to think 
in terms of size than in terms of velocity, and I have therefore in this 


communication still kept as size variable the radius, if the particles are 
ies 
* Probably first used by J. Clerk Maxw 


: st. el h i 
EHordidicvent velocities of bad acleccien 1 to characterize physical systems, as e.g., to demonstrate 
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spheres, or the equivalent radius as defined by Stokes’ equation if the particles 
are of various shapes, though we may bear in mind that what we mean with 
dimensions for those small particles of various shapes is quite arbitrary 
and perhaps better defined as a function of the velocity which we may measure 
direct or indirectly. 

The “equivalent-radius” is thus the radius of a perfect sphere of the 
same material that sinks through the fluid at the same average rate as the 
particle in question. If we thus speak of a size-interval between an equivalent 
radius of 1 to 2 p this will give us a more clear idea of the size than if 
we speak of velocities from 4.10 to 1.5.10-° cm./sec., and as long as we are 
not dealing with needles or thin plates, the equivalent-radius will give a fairly 
good idea of the real dimensions of the particles. 

Stokes’ equation has been extended by C. W. Oseen*® to comprise also 
larger particles, and for non-spherical particles very complicated formule 


EFFECTIVE RADIUS 


Fie. 2. 


have been suggested by J. Boselli,’* R. Gans *7 and K. Przibram ** and others ; 
but as we generally have to deal with particles of various kinds and shapes, no 
general formula can be used, and I think the conception of an “equivalent- 
radius” will meet with most demands in this matter. 

There are several ways to express the distribution graphically. In Fig. 2 
are set out as abscissz the effective radii, and as ordinates a function q(r), 
which indicates the percentage of the sample consisting of particles larger than 
this effective radius. For the effective radius 0 this value is 100, for effective 
radius 10 w for example, it is 75, for effective radius 30 p, it is 50. This indi- 
cates that 75 per cent of the sample consists of particles larger than 10 p, 50 
per cent larger than 30 p, and so forth. To obtain the percentage between any 
two abscissee we have to subtract the ordinate corresponding to the larger 
effective radius from that corresponding to the smaller, the difference corre- 
sponding to the percentage of particles. This graphical function declines 
therefore from 100 for the smallest particle to O for the largest in the sample. 
If the curve is horizontal it shows that there are no particles at all in this 
interval. This way of representation is nearly identical with “the cumulative- 
curves” used in sieve-analysis,’® and is specially convenient for the treatment 
of certain prublems.?° In most cases where we wish to get an idea of the bulk 
of the different fractions, it is a better and easier way of comprehension to 
represent the amounts of the particles not as a line but as a surface. This is 
accomplished if we define a function f(r) in a way that 
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F(r) =~ (3) 
q(r1) — (re) = 1 “4 = a F(r)dr (4) 


as shown graphically in Fig. 3, where the effective radius is as before set off 
as abscisse, but where we measure as ordinates, the P(r) function obviously 


ast ng or 


Breas 


such that this value, multiplied by a part of the abscissa axis, gives us a surface 
which represents the bulk of particles in the interval of abscissee in question. 
The mass of particles is here represented as an integral, and the bulk of par- 
ticles between any two radius-values is obtained simply from the surface 


t') r+) co) 7 00 Wes 


Fic. 4. 


encompassed by the axis of abscissa, the corresponding ordinates, and the 
curve. The easiest way to carry out the graphical representation is to arrange 
so that the total surface comprises 100 square centimeter units on millimeter- 
paper, when it is only necessary to reckon the squares for each interval to 
arrive at the percentage. 

Thus in the following F(r) will denote the ordinates of the distribution 
function so that F(r)dr means the relative amount of particles in the size 
interval dr = 7,—r,. In some cases when the variation in size is very great 
it is very inconvenient to use radii as abscisse because of the length, but useful 
when graphical reproductions are desirable to have log, r instead of r as 


abscisse. It is very convenient then to multiply the F(r) function by r and 
use as ordinates Y = rF(r). 
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Since: 
d(logr).1.F(r) => dr.r.F(r) =F (r)dr, 


it is evident that the surface content which is proportional to the amount of 
. particles, will not be altered from the first graphical way of expression, though 


rin: 


Imtes Gy, 


the shape of the distribution curve will vary. This is illustrated by Figs. 4 
and 5 representing the distribution curve for the same soil in non-logarithmic 
and logarithmic scale. 

In sieve-analysis sometimes “cumulative logarithmic curves” are used, 
whereas abscisse x — log size, as ordinates q = the percentage larger than 
this size. 

The relation: 


Ve ye rd ug ag (5) 


dr d(logr) ads 


shows that the Y-function is the differential of these cumulative logarithmic 
curves. 


THEORY AND METHODS 


In order to get a general point of view of the various experimental arrange- 
ments to obtain the size distribution, it is convenient to study the mathematical 
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theory of the system: dispersed small particles and dispersion-medium, tk 
latter usually water. 

Starting with a uniform distribution of the particles obtained by thot 
oughly shaking the suspension, and then permitting the particles to sink wit 
velocities depending on their various sizes, their distribution in the liquid 2 
well as their accumulation rate at the bottom of the vessel will depend on th 
size-distribution. eet: 

The following mathematical treatment will show the relation between th 
distribution function F(r) and certain measurable properties of the suspensiot 

Denoting by: 


Co == the average concentration, i.e. gram solid phase per cubx 
centimeter of suspension (constant). 

c = the concentration at an arbitrary point (variable). 

o = the specific gravity of the solid phase (constant). 

0, = the specific gravity of the liquid (constant). 

@ = the specific gravity of the suspension (variable). 

4 = the distance from the surface (variable or constant). 
= time (variable or constant). 

a = the hydrostatic pressure at a depth of 4 and at a time ¢ (variable) 
= accumulation at the bottom. 


Thus we have 
r 


| F(r)ar (6 


7) 


o— 
0 


p(4,t) = 01 + co 


where r is a variable defined by Stokes’ equation 


xn | 
These are the two fundamental equations from which may be derived: 


(I) The variation of the specific gravity and the concentration with the tim 
at a definite distance x from the surface. 
Thus ¢ is variable, 4 constant and: 


but according to (2d) 


& — 
c=rvi 
thus 
FGy = — e i 
Os On Co ifs dt 
For t = 0 we have (6) 
Poss Ones eee 
2 tad 
Se (Gi ee My j 
(r) ~o—o, r at (7a) 
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or if 


According to (6) 


thus we also have 


p(t) — 0; ee 
go — 01 
217 aD 
Diag peg th oe 
(t) =o, +e. 
Pas 0, 1 Coe “—* 
oa 
=- 


(7b) 


The variation of specific gravity may evidently be measured by taking out 
samples of definite volume and determining the dry matter thereof, M, then 
dM is evidently equal to d® and equation (2d) and (7b) may be used to calcu- 


|; 


late the distribution. 
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G. W. Robinson's method *! is of this kind, and simply 


consists of taking out 20 ccm. with a pipette at different times and determining 
Robinson has not tried to get the distribution- 


the dry matter (Fig. 6). 
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function, but determined the ordinates of what he calls “the summation curve” 
as functions of logy, that is something very similar to the cumulative- 
logarithmic-curve of the sieve-analysis and the q-function in the present 
treatment. The chief drawback of the method seems to be the inevitable 
errors in taking the samples, which from Robinson’s figures seem to amount 
to several per cent in the single m-value, and therefore capable of causing large 
errors if the material possesses somewhat irregular distribution (Robinson, 
(p. 318). It is possible that these errors could be reduced by using the tech- 
nique recommended by D. S. Jennings, M. D. Thomas and W. Gardner,” the 
essential point of which is a “multiple-mouthed pipette” (Fig. 7) through 
which small volumes (2 ccm.) could be sampled off with great accuracy. Like 
Robinson, they recommend nephelometric methods for the estimation of the 
quantity of particles, but since the intensity of the scattered light will vary not 
only with concentration but also with size and nature of the particles, it seems 
doubtful if this would be of much value. In the essential features similar but 
adapted for serial operation is G. Krauss method demonstrated at the 3d 
International Soil Congress at Prague, 1922, but not published until recently.** 

(11) The variation of the specific gravity and the concentration with the 
distance from the surface at a definite time, t. 

Thus x is variable, f constant and: 


dp 4 1 o— 0, 
dg ON Cine noe ee 


but (2d) 
eh aie 
CELA 
and (6) 
GG SS oi cy es 
thus 
2 cm tag 
F = = STALE 
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p(x) 01 ; PI bie 2a d® \ 
~o—o ERC aN a): (8) 
And as (1) also 
o=— 5 
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Evidently, determinations of the amount of solid matter at increasing depth 
makes equation (8) applicable. Series of such measurements have been car- 
ried out on soils by A. N. Puri at the Rothamsted Laboratory under B. A 
Keen's supervision and also tested in my laboratory with promising results. 

The variation of concentration with the distance from the surface were 
further measured by The Svedberg and H. Rinde** by means of measuring 
the adsorption of light and by The Svedberg and A. J. Stamm ™ by means of 
measuring the scattered light. Both methods were applied to gold hydrosols 

(III) The variation of the hydrostatic pressure (t) with the time at a 
definite distance from the surface x. 
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(9) 


(10a) 


(10b) 
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By means of this equation the very ete experimental method of G. 
ieqner 2° and his followers may be interpreted. ; 
A wiceher's arrangement is oe simple and illustrated in Fig. 8. In the big 
“Sedimentation tube,” A, the suspension is poured while the stopper D is closed 
and the “measuring tube,”C, filled with pure water. After th rough shaking 
the instrument is suspended on the spurs and the glass stopper 1s opened. As 
the specific gravity of the suspension is greater than water,and the meniscus 
in the measuring tube is higher than that of the suspension, the difference 
being proportional to the pressure and the bulk of particles above the level D. 


Fic. 8. Fra. 9. ich cemmn COs 


Wiegner has not used the formula (10) but calculated the percentage frac- 
tion which passes the level D and then made use of the same graphical method 
to obtain certain “‘sizegroups” as developed by the present writer.1) ** (See 
later below.) 

Wiegner’s method has been improved in collaboration with H. Gessner and 
the difference between the menisci photographed and recorded on a rotating 
drum.”” (Fig. 9.) 

A small variation was introduced by Wo. Ostwald,?* who placed the stopper 
at the top instead at the bottom of the “measuring tube” (now called ‘“Ver- 
gleichsrohr”) (Fig. 10). 

Wo. Ostwald has also invented another instrument called “Einschenkel- 
flockungsmesser” and shown in Fig. 11. The suspension is poured in the 
bowl, S’, and the bulb, £, evacuated to a certain pressure, p, the value of which 
is ascertained in a previous “test-experiment.” If by means of the “threeway- 
cock” the bulb is put into communication with the tube dipping down into the 
bowl with the suspension, the latter is pressed up a certain height X by the 
atmospheric pressure, B. If now some particles are settling below the surface 
of the liquid outside the tube, and (B-f) is maintained constant, the height of 
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the suspension in the tube will increase as the particles.;disappear from 
the altel ag in the tube and the height will be a measure of the particles 
settled. me cyipoanpe ee 
No attempt to obtain the distribution has yet been made by Wo. Ostwald, 
but graphical results of the settling velocity were obtained by empirical and 
graphical methods, and the instrument seems to be useful fora more detailed 


Manometer Scdimintation tute 


EGG alike 


study of coagulation and aggregation phenomena. The main errors seem to 
arise from inevitable variations in the atmospheric pressure if the experiments 
are extended over any longer period, and variations in temperature effecting 
the pressure in EF. 

A further development, of the Wiegner method was recently made by 
F, Zunker,?® who obtained more accuracy in the measurement of the height- 
difference by connecting the top and bottom layer to manometers kept apart 
from the instrument, thus avoiding frequently occurring errors owing to for- 
mation of foam at the top of suspensions which have been shaken violently 
(Fig. 12). 

The great advantage of Wiegner’s method is its simplicity and the cheap- 
ness of the instrument. The chief difficulties with Wiegner’s apparatus are, 
according to my experience, the small variation in height between the suspen- 
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sion and the measuring tube, and the sensibility of the latter to pies in 
temperature and thereby caused expansions and contractions which introduce 
uncontrolled errors in the measurements. In order to increase the difference 
in height I have introduced pentane or some liquid of less specific gravity in 
the measuring-tube, and in order to avoid Cen Des Anne AE fe Hence a 
suspension and measuring liquid, I have immersed the measuring tube 


B 


Fic: 13. Breeel4: 


(“manometer”) in the suspension and made special arrangements for filling 
and stirring of the suspension before the actual sedimentation-measurement 
takes place. This kind of instrument is shown in Fig. 13 and photographs of 
some of these sedimentation-instruments are given in Fig. 14. 

The wide glass tube U is fitted at its lower end into the funnel-shaped 
metal case, M, which is big enough to take up all the sedimenting particles and 
is provided at the bottom with a tap N for inlet and outlet of the suspension. 

The upper part of the glass tube is closed by the lid, R, provided with a 
large edge rising several centimeters and through which is inverted the 
manometer AC with its stopcock B. The lid is also furnished with an outlet- 
tube, 7, with stopcock, thus letting out the overflow of liquid when the system 
is filled with the suspension, and finally a narrow channel closed by a tap, L, 
and connecting the receptacle with the sedimentation tube and a pointer, W, 
indicating the height of the water. The manometer consists of a not too 
narrow glass tube, 4, etched with a millimeter scale and widened to a bulb, C, 
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at the lower part; this bulb is provided with a small hole, D, thus giving com- 
munication between the two liquids: the suspension outside and the manometer 
fluid inside the bulb. The whole device results in a kind of “communicating 


Fic. 14a. 


tubes system.” Now as the particles of the suspension sink below the level, 
D, the pressure decreases and the meniscus of the manometer sinks. This 
causes some water to leave the bulb at the bottom, but this quantity is very 


Fic. 14b. 


insignificant since the whole displacement of fluid in the manometer-tube is 
only about 0.2 c.cm. The reason for having a narrow manometer tube and a 
bulb at the end of it is to allow a great vertical displacement of the meniscus 
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at H as the pressure above D decreases without any considerable displacement 
of the surface of separation of the two liquids at D. 

During the first minute there is generally some jumping up and down of 
the meniscus indicating currents and disturbances in the system. After the 
lapse of a minute we generally find a continuous sinking of the meniscus which 
has to be recorded as a function of the time, calculated from the moment the 
tap, N, is closed, these readings giving a “height-difference curve” or “‘pressure- 
curve,” whose mathematical analysis may be easily interpreted graphically as 
will be shown further on. 

A very ingenious modification of Wiegner’s method was introduced by 
W. J. Kelly ®* (Fig. 14a). The measuring tube is bent in its upper part 
making an angle 6 with the horizontal. If this angle is small, a small varia- 
tion in h, will correspond to a relatively large dislocation of the meniscus in 
the bent part. The difference in height, 1, is measured in terms of the length 
of the liquid column in the thus nearly horizontal part of the measuring tube. 
If this length is 7, then h =/ sin 6. 

The same principle has also been applied by E. O. Kraemer and A. J. 
Stamm in their apparatus for the study of emulsions, with the modification 
that the measuring tube is applied to the top of the liquid since here the 
disperse phase rises instead of settling (Fig. 14b). 


(IV) The variation in weight on an immersed body with time. 


Consider a cylinder of cross-sectional area f, whose weight in air is D and 
which is counterpoised in the suspension at any given time by a weight w, in 
a way so that the upper part is above or at the same level as the surface of the 
liquid. As the density of the suspension decreases on account of the removal 
of the particles by sedimentation, w will increase and the distribution curve can 
be deduced in terms of the second derivative of w with respect to time. 


w— D—fnx 
aU en Oo 
da act) 


Thus according to (10a) : 
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by means of which equation the results of U. Pratolongo’s (1917 a 
Schurecht's (1921) experimental devices may be Hees ibisesonce 
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Pratolongo’s device *° consists simply in determining “the density” by 
means of a Westphal’s balance (Fig. 15) in the top layer of the soil suspen- 
sions, as a function of time. Curves for the variation of the density with time 
are given, but as far as I can see no attempt to draw the distribution-curves 
for the samples investigated is found. 

The Schurecht method,** differs from Pratolongo’s method with regard to 
the form of the immersed plummet. The percentage of clay in suspension 


ives wey 


above the plummet is recorded as a function of log time, and characteristic 
curves were obtained for various clays, but even here no attempt to get the 
distribution function is made. A similar arrangement has been used in the 
Polish National Institute of Agricultural Economy, at Pulawy, and is described 
by T. Mieceynski.®? 

(V) The variation of the hydrostatic pressure with the distance from the 
surface at a definite time. 

Thus x is variable, ¢ constant 


Equation (9) Wena 
x 
ci i pdx 
oO 
dn _ dp 
BE aes 


Then according to II: 
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An experimental arrangement seeking to make use of equation (12) and 
2 


, I Fe! : : Ge, : 
determine au at distinct times was tested in the writer’s laboratory in the 


Fic. 16. 


autumn 1922. A big sedimentation tube, 1.8 meter high and 5 cm. wide was 
connected with capillary tubes filled with pentane, acting as manometers (Fig 
16). The suspension was poured into the Woulff-flask B and pressed into the 
sedimentation tube, while the “manometers” were cut off by means of spring 
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clips. After a definite time the clips were opened and the pressures read off 
2 
on the scale E.. From this a curve was drawn and = graphically obtained. 


The experimental difficulties and errors proved, however, to be very great, 
mainly on account of variations in temperature between different parts of the 
necessarily big instrument, heat radiations from the body of the observer caus- 
ing volume increase in the pentane tubes during readings, and so on, and the 
method was abandoned. 

(VI) Accumulation of the particles at the bottom as a function of time. 


a = accumulation weighed in water 
a 0% = total accumulation at complete sedimentation 
= area of the bottom 


a=an—f(n— ox) 


Then according to III (equation 10a) 
20 ete ao 


UN ae eames tr 
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ey 
aoo 
2A 
F(r)=——. de (3) 


This was the first equation developed 1914 by Nils Zeilon and the 
writer 1! which enabled the construction of the distribution curves, though the 
principle is intrinsically in a paper by Th. Schloesing, pere *” (1903). The ex- 
perimental methods applied to this equation are still the most accurate, since 
the variation in the measured quantity is several hundred times greater than 
the accuracy of the measurement. eon ; 

Schloesing’s experimental arrangement (Fig. 17) consists in carrying away 
the deposits which accumulate at the bottom of a separating funnel, 4, by 
means of a slow current of water. The soil suspension is shaken and poured 
into the vessel A. The orifice, d, is at the same level as the surface at n, and 
each drop which falls from the Mariotte’s flask, F, causes some fresh water 
to enter the top of the funnel and some turbid water to leave at d, the latter 
carrying away the deposit and collecting it in small boxes which are moved by 
a clock-work. ; 

It is evident, as Schloesing himself stated, that this arrangement contains 
several errors of importance. Some sediment adheres to the walls of the 
funnel at the bottom and is not carried away; further, the liquid which carries 
the sediment away is not water but suspension and contains a certain amount 
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of smaller particles, etc. Schloesing’s theoretical argument and calculations. 
have been discussed in other connection,*? and while in general correct, contain 
some errors which are functions of the distribution; but these seem to have 
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been less than his experimental errors and escaped observation. Schloesing also 
added evidence to show that the sedimentation results were independent of 
the absolute weight and absolute concentration of the soil suspension between 
certain critical limits. This was confirmed by the writer +» ** and by Wiegner.?® 

My own first experimental arrangements consisted of a sedimentation 
cylinder, near the bottom of which was suspended a thin plate attached to one 
arm of a sensitive balance (Fig. 18). When the soil suspension was poured 
into the cylinder the particles began to settle on the plate and the weight 
increased, causing the balance to move and close an electric current, by means 
of which a small ball was loaded on a pan attached to the other arm of the 
balance. The times for equal small increases in weight were determined and 
from this “accumulation curve” the second differential was graphically obtained 
and F(r) calculated according to equation 13; or a graphical method was 
employed by means of which differences in F(r) could be obtained for dis- 
tinct intervals of r. The successive improvements of this instrument are 
visible from the figures and photographs 18-20 and are described in the original 
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papers.** Similar arrangements were employed by H. Green*® and by 
K. Sundberg *° and the method proved to be useful for the study of the forma- 


whi - 
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tion of precipitates and colloids, as well as for geological questions. These 


applications will be demonstrated further below. 
The Svedberg and Rinde ** improved the sensibility of the balance and in- 
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troduced electrical control of the weighing, and Harlan W. Johnson found a 
way * to register the movement of the balance by making one arm very long 
and register its way on a rotating drum by means of frequent sparks jumping 
over from a pointer at the end (Fig. 21). By this arrangement, however, 
the sedimentation pan does not hold its position during the sedimentation, and 
the path of the particles increases as the experiment goes on. 

Independently of this, the physical laboratory at Rothamsted under the 
direction of Dr. B. A. Keen started (1921) in collaboration with the Cambridge 
& Paul Instrument Co. and the writer, a series of experiments in order to 
construct a registering balance for chemical use with a wide range of accuracy 
and great sensibility. This balance * consists ** (Fig. 22) of a suspended 
plate, U, attached to one arm of a balance, which is kept in equilibrium by an 
automatic adjustment of the current through a solenoid, S, attracting a perma- 
nent magnet M suspended from the second arm of the balance. When the 
weight of the sediment reaches a given amount, 7.e., when the solenoid-current 
reached a given value, a small metal sphere is automatically (T) placed on 
the second pan of the balance, R, and the solenoid current returns to a smaller 
value. The strength of the current is recorded on a moving paper band H, 
and the operation just described results in a curve presenting a series of steps. 
A very open and sensitive scale can therefore be used for the curve, although 
the actual trace is confined within narrow limits of width. The sensitiveness 
of the record can be modified or increased by suitable adjustments of the com- 
ponent parts of the instrument. The periodic replacement of the electro- 
magnetic attraction by the metal balls results in the sensitiveness in any given 
experiment remaining constant. 


Methods with Non-uniform Suspensions. 


With the methods above mentioned, a homogeneous suspension always has 
been used, but recently methods have been developed, in which the suspension- 
sample is introduced as a layer at the top of the vessel, whereupon the particles 
must fall through the pure dispersion medium. 

In 1924 F. F, Renwick and V. B. Sease ®° worked out a method of deter- 
mining the sizes of the particles suspended in gelatin, which after sedimenta- 
tion, was congealed and prepared for microphotographic investigation. In 
these researches they also made use of the principle of allowing the particles 
to settle down from the top of the ‘“emulsion-container,” and thus their photo- 
graphs show equal-sized particles at the same distance from the surface of the 
emulsion, the smaller ones at the top, the coarser ones at the bottom. 

Further Rk. Audubert and H. Rabaté*’ used the same principle of sedi- 
mentation, but they obtain the rate of sedimentation by means of a procedure 
and apparatus of the same kind as that one used by Wiegner. 

Independently of this research, D. Werner also worked out a very practical 
method of performing the sedimentation process, in which he measures the 
velocity of sedimentation as the velocity, with which the volume (height) of 
the sediment increases. Measuring the volume of the sediment instead of 
its weight will cause no considerable errors, since, if we consider the particles 
as spherical and the eventually various packing is not taken into account, the 
weight of the particles in a certain volume is independent of their radius 
Werner’s simple arrangement is illustrated by Fig. 22a. Ina “mixing-room” 


* First demonstrated at the physical-instrument exhibition in London in January, 1923 
; ; 
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placed at the top the sedimentation tube (which is of 1% m. length) and 


separated from the latter by a tap, a concentrated suspension is introduced 
after the sedimentation tube (and also the tap) have been filled with the 
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liquid. Then the tap is opened and the particles consequently begin to sink 


through the liquid. 

The principle is obscurely involved in the soil analytical method known 
as “v. Benningsens bottle,” but not developed in a way, which permits mathe- 
matical treatment. Its application to soil analysis has proved to give very 


accurate results. 


Methods with Centrifugalization. 


In all the methods previously described the moving force always was 
gravity. While previous investigators such as J. Perrin and P. Kéttgen 
made use of centrifugal force only in order to determine size, The Sved- 
berg ?* ® and pupils have recently worked out methods of determining the 
size distribution by means of centrifugalization.* 


*See paper by The Svedberg, this volume, p. 838. J. A. 
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The Number of Particles and the Total Surface of a Sample. 


From the distribution function F(r) we may calculate a new function 
N(r) of such a nature that N(r)dr is equal to the number of particles in the 
interval from r to r+ dr2* As before mentioned F(r)dr represents the 
relative weight of the particles in the same interval of radii, and since the 


aks 
weight of one particle is 3 aro we have 


FU)ar = farts .N(r)dr 


or N(r) = f(r) (14) 


If then O(r) is a function which gives us the surface as a function of the 
radius, so that O(r)dr = surface in the interval r to r + dr we evidently get: 


O(r)dr= 4ar? . N(r)dr 


4nr2o 


or 


O(r)dr = >. F(r) (15) 


Thus it is possible to obtain the total number of particles and the total surface 
a Spee integration of N(r) or o(r) from the smallest to the greatest 
value of r. 


Geometrical and Graphical Solutions. 


The essential of the mathematical deductions yielding the equations 10, 11, 
and 13 may be obtained in a very simple manner in the following way. 

Suppose then, as before, that there is a complete disaggregation and a uni- 
form distribution of the particles at the starting time t, of the experiment, 


Ge lo 6G 
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and that the fall of each particle is independent of the others (Fig. 22b). If all 
particles were of the same size they should sink with the same velocity and 
the concentration of the particles in a certain layer D, would be constant up to 
a certain time t,, since all disappearing particles are substituted by others com- 
ing from the layers above. Suddenly there would be a drop to zero at a time 


tn, when the particles of a velocity v =. which at the start were in the top 


layer, have passed D. 
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If on the other hand the particles are of various sizes and therefore fall 
with different velocities, certain groups disappear by and by completely from 
a certain layer, and the concentration there decreases continuously while the 
sedimentation proceeds. 


Now consider a layer at the distance + from the surface and at the time ¢ 
‘ from the beginning of the sedimentation. 


Of all the particles of various size some groups have completely passed 
Be clow this level and dropped down in the receptacle, namely those whose 


velocity is >> (let us call these G) while from the other groups with veloci- 


ties < ; there has been a constant flow of particles during the whole time t¢ 


altogether proportional to the time-and concentration (let us call this por- 
tion S). 
If we in the Fig. 23 let the ordinates of the curve OAU represent the per- 


Fie. 23. 


centage amount of particles (G + S) that have passed this level oo express 
this quantity in relation to the total sedimented quantity, 4 ©, or y =z = ) 


as a function of time as abscisse, thus y= A(t), then evidently 100-A(t) 
or an ordinate drawn downwards from VU, will be proportional to the quan- 
tity of particles suspended above this level. ; 

Let us now draw a tangent to the curve through the point A corresponding 
to the time ¢ and through the point A, likewise on the curve and infinitesimally 
little before the time ¢ a line A,D parallel to the ordinate-axis and likewise AC 
parallel to the axis of abscisse. 

From construction and figure it follows that: 


BE AD AA 
AGIA Dem AT 


But AC corresponds to the time during which the smaller size-groups have 


NAG ; ‘ 
continually passed the level C, and q is the quantity which passes per unit of 


time if we neglect the coarser ones already settled. 
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AA AA 

BC=AC.4,7=1# av. | 

thus represents just the quantity of the smaller groups which has passed th 
level C at the time f. 

_ But OC corresponds to the total amount of particles which have passe 

the level and OC = BC+ OB. Thus OB or the distance from the point o 

intersection with the y-axis of the tangent (drawn through the ordinate corre 

sponding to the abscissa tf) represents the sum of those particles smaller tha 

a certain equivalent radius r; that have completely passed the level, where » 


is defined by the equation 
ey 
re = K y-. 


Repeating this for another ¢-value we obtain another section proportioné 
to all particles down to another r;,-value. 


x 
Vt; = \ 


The difference between these sections is evidently equal to the amoun 
of particles in the particle-interval r; to r+,, and by repeating this procedur 


we obtain the amount of particles between two equivalent radii as the dis 
tance between the points of intersection of the corresponding tangents on th 
Y-axis, when each tangent is laid through the points of the curve correspond 
ing to 
2 2 
i= i respectively t= eee 
Ty Ue) 


It is worth observing that the “accumulation-curve” of equation (13) 
and the “weight difference-curve,” are identical if all A and h values ar 


Fic. 24. 


expressed in fractions, the former of the ultimate value Ao, the latter of th 
initial value ho, and that the former is the image of the latter in an imaginar 
plane through VU. a 

Similar graphical solutions may be developed on the basis of the othe 
equations, and have the advantage of giving good comparison and bette 
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possibility to judge with regard to unforeseen experimental errors and 
disturbances. 
_ If we for example choose equation (7) this may be interpreted as 
follows. 
Draw a curve ABC with time as abscissz, and the experimentally obtained 
@-values as ordinates (Fig. 24). 
If through a point of this curve B, we draw a tangent (BD) and a line 
BE parallel to the axis of abscissas, the section DE will be equal to 


ad 
dt’ 

and by multiplying by 2 we obtain the value of rF(r). Putting again the 
logarithmus of the r-values corresponding to the t-values of the tangent- 


points, according to 
- ; 
pes VG (2d) 


and rf (r) =—2t a as ordinates, this will give the distribution curve. 


The graphical solution according to the “top-layer methods” such as 
Audubert’s or Werner's will, however, be still simpler because of the funda- 
mentally different manner in which the sedimentation is performed: In Fig. 


—t 


{Hat ht of the sediment 
im 2 of its total height. 
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24a the curve A represents the accumulation curve for the same soil obtainea 
from a homogeneous suspension and the curve B the curve obtained with the 
apparatus shown in Fig. 22a. In the first case the percentage of particles 
in the intervals 7, to 7, was obtained as the difference between the points of 
intersection of the tangents with the y-axis, drawn through the ordinates 
corresponding to the abscissas ¢, and t, as shown above. In the second case, 
however, the same percentage is obtained simply as the difference between 
the two ordinates corresponding to t, and fp. 

With regard to size-intervals which the various instruments may. be prac- 
tically utilized, the Odén-Keen instrument is recommended in the interval 
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from 20 u’to 0.1 4, while the Wiegner instrument or the improved forms 
thereof are useful from 50 p to 5 pw, the Jennings-Gardner method from 
25 to 0.5 u. D. Werner’s method is applicable from 100 @ to Ip... On the 
other hand the centrifugal methods seem to be applicable from 1 » down to 
3 wu, but all these limits may be extended in both directions by introduction of 
fluids with varying viscosity and specific gravity. 


APPLICATIONS 


1. Applications to the Study of the Structure of Precipitates. 


The application of the experimental methods just described to the study 
of the structure of chemical precipitates was first made by the writer.*® 

It was found that when a precipitate is deposited, the particles primarily 
formed are coagulated, and it is generally the aggregates of a great number 
of primary particles which settle down at the bottom of the vessel. 

How to prevent this aggregation and be able to study the structure of 
the primarily formed crystals is the general problem of the stability of col- 
loid particles, a problem falling outside this treatise. 

Generally we may say that at a sufficiently low concentration of the total 
amount of ions present in the system, it is nearly always possible to find 
some kind of ion which is sufficiently strongly attached to the surface of 
the particle to impart to the particle its electrical charge, thereby causing 
the particle as a whole to exert a repulsion towards other particles of the 
same charge, thus preventing aggregation. 

This explanation does not answer the question why certain ions are strongly 
attached (adsorbed), nor which kind of forces bind the particles together 
in the aggregate when the electrical repulsion is diminished beyond a cer- 
tain critical value. 

The Primary Structure-—But having ascertained the individual free- 
dom and stability of the particles by some stabilizing ions either beforehand 
present in the system (e.g., H: and OH’ ions), or formed through the chem- 
ical reaction giving rise to the sediment, or finally afterwards added to the 
precipitate( peptization), it will be possible to study the sedimentation process, 
and obtain the size and size-distribution through the methods just described. 

It was found in accordance with the views developed by von Weimarn *° * 
that the size and size distribution will depend on: 


(1) The concentration of the reacting solutions. 

(2) The temperature of the reacting solutions. 

(3) The presence of substances increasing or decreasing the “solubility” 
of the precipitate (excess of certain ions occurring in the precipitate 
or “acid” or “alkaline” conditions). 

further depending on *? 

(4) The way in which the reacting solutions are mixed. 

(5) The presence of very minute quantities (below 0.1 per mille) of 
poisonous substances, sometimes altering the crystal form, sometimes 
occurring in the crystal-lattice of the precipitate. 


‘The last mentioned point has not been sufficiently investigated to be de- 
scribed here, the influence of the other conditions on the primary structure 
will be illustrated by the following figures, whereby in order to facilitate com- 
parison the precipitate always was sulphate of barium. 

*See paper by P. P. von Weimarn, this volume, p, 27. J. A. 
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The influence of the decreasing concentration of the reacting solutions: 
Ba(SCN)2 + (NH,)2SO, = BaSO, + 2(NH,)SCN 


is illustrated by the three curves in Fig. 25 where the concentration varies 
from 0.2 molar in the curve to the left to 0.002 molar in the right hand 
curve. The much larger crystals and the more uniform size-distribution 
at a lower concentration of the reacting solutions is clearly seen. The square 
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rectangles to the right and left indicate the bulk of particles which were 
either too large or too small to obtain the distribution of. In this and fol- 
lowing figures U denotes the supersaturation or ratio between the calculated 
concentration at the moment of mixing, and the concentration of the saturated 
solution of the precipitate. The mixing was in all cases as rapid as possible. 
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Increased temperature will make the supersaturation smaller and the pre- 
cipitate coarser. This is illustrated by the two distribution-curves in 
Fig. 26 obtained by rapid mixing of 0.2 molar solutions of the same solutions 
as before but at various temperatures. 

The influence of the mode of mixing on the structure is given Fig. 27. 
The precipitate of which the left-hand curve gives the distribution was 
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obtained by mixing of 0.2 molar solutions of Ba(NOs)2 and (NH,4)2SO,4 a 
rapidly as possible, whereas the curve to the right represents the distributiot 
when the nitrate solution was dropped very slowly into the sulphate solu 
tion which was kept stirred. In the latter case nuclei the first obtaine 
will originate from a diluted system, and therefore will not be so great 
number. Further they will act as centers for the ions and molecules formes 
gradually as each drop of the nitrate solution is falling into the sulphate 
the result being that this precipitate is of much coarser primary structur 
than when the nuclei are formed at once in great quantities and then grov 
rapidly. 


S-n Hot 
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Sulphate of barium is more soluble in HCl than in water. The rela. 
tive supersaturation therefore decreases as HCl is added to the system, anc 
the well-known fact of coarser crystals when BaSQO, is precipitated from 
acid solutions is clearly visible from the distribution curves demonstrated ir 
Fig. 28, where the curve to the left is equal to one in Fig. 26 without any 
acid present during the formation, while the curves to the right give the 
structure at HCl-concentration increasing from 0.01 n to 3 n. Similar re- 
sults demonstrated in another way were obtained by Weiser.*? 
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By way of example, the primary structures of some precipitates are fur- 
ther demonstrated in Figs. 29-36. 
The structure of the silver chloride in Fi 


. 29 is seen to be fine 
grained, almost colloidal. : we 
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The preparation was from 0.1 m solutions of AgNO, and KCl with an 
excess of the latter in order to obtain negative particles #* which further 


were protected by small addition of complex chromium nitrate.‘ 


i 
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The sulphate of lead, the structure of which is represented in Fig. 31, 
was obtained from 0.02 molar solutions of Pb(NOs)2 and (NH4,).SO, 


mixed rapidly at 18°. 
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The protective electrolyte was citric acid. The three curves for CaSQ,, 


SrSO, and PaSO, in Fig. 32 show very strikingly the influence of solubility 
The concentration of the reacting solu- 


and supersaturation on the structure. 
tions was in all cases 0,2 molar. 
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The carbonate of barium, whose primary structure is reproduced in Fig. 
32, was obtained from 0.05 molar solutions of BaCl, and K,CO, mixed at 
ordinary temperature and shaken for 10 minutes, there being meanwhile added 
a small crystal of citric acid, whose anion acts as peptisizing ion. 


Finally Sb.S,; in Fig. 33 shows the structure of antimonium trisulphide 
obtained in the usual way, by passing H.S through a solution of SbCl;. 

Some examples of the distribution in colloid systems are given in the 
curve, Fig. 34, representing a gold sol studied by Swedberg, and, Fig. 36, 


* Fic. 36. 


demonstrating the structure of a mercury sol obtained by Nordlund through 
direct current discharge in water at 50° C., and finally the colloid sulphur, 
Fig. 36, from Wackenroder’s solution studied by the writer. 


2. Applications to the Study of the Phenomena of Coagulation. 


As already pointed out any explanation as to why certain ions are de- 
posited on the particles, decreasing the electric charge thus causing aggrega- 
tion, cannot be given here; but when this coagulation-process is taking place 
there are two kinds of phenomena occurring which may be studied by the 
methods under consideration: the relative size of the aggregates formed, and 
the velocity with which these aggregates are built up from the primary particles. 

Taking the iast mentioned point first, and using the experimental arrange- 
ment of Fig. 22 the study of the accumulation rate when electrolytes are 
added or result directly from the chemical reaction giving rise to the pre- 
cipitate, will reveal two distinct types, which we for sake of brevity may 
allude to as the reversible and irreversible types, though transition forms 
occur. 

In the diagrammatic Fig. 37, the line OA represents the accumulation 
if the primary structure is maintained; but if secondary aggregates are 
formed reversibly, and if they rapidly reach the size corresponding to a cer- 
tain fall of potential, then the curve after a more or less short convex “grow- 
ing” period, falls for a comparatively long distance CD as a straight line 
which means that the sedimenting aggregates sink with equal speed. Not 
until these have sedimented to H do the smaller aggregates sink according 
to the concave part of the curve DH. 

The irreversible type is quite different, the aggregates grow during the 
whole time of sedimentation and the greater part of the accumulation curve 
is convex. After the fall of those aggregates which at the beginning were 
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formed in the upper layers of the liquid and which during their sedimenta- 
tion have taken up both primary particles and smaller secondary aggregates, 
a lull sets in at (RR), since the lower layers have become free from particles. 
Only in the upper layers some particles have been left, which graduaily aggre- 
gate, but do not become as large as the aggregates first formed because. of 
the decrease of the concentration of the particles. 

This “after-coagulation” is represented on the curve by the portion (REF )3 

A, Determination of the Time of Aggregation.—Since irreversible aggre- 
gates steadily grow, and as H. Freundlich has shown,*" even increase more 
and more in the separated sediment, one cannot speak of any fixed time 
of aggregation for their formation, but can only consider the greater or less 
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speed with which secondary aggregates are formed. The sharper the curva- 
ture shown by the convex curve, the greater is the speed of coagulation. But 
up to the present I have studied these irreversible aggregations very little. 
With the instruments described on p. 870 Wo. Ostwald and Fr. V. vy. Hahn, 
however, measured the sedimentation velocity when sols of Ag.S and Hg.S 
were irreversibly coagulated with various electrolytes. Fig. 38 shows one 
ot their results demonstrating the various stability of the two colloids, the 
dark shaded area being the “surface of stability” of the silver sulphide. 

Since, on the other hand, reversible aggregates reach only a certain maxi- 
mum size, we are able to determine the time necessary for their formation. 
This is obviously equal to the point of intersection (+) of the straight por- 
tion of the accumulation curve and the axis of abscissas. 

Fig. 39 shows a series of such accumulation curves for varying concen- 
trations of the coagulator, in this case (NH,)NO;, whereby + has been 
determined. 

If we mark off in a diagram as abscisse the electrolyte concentration, 
and as ordinates the time of aggregation (+) thus determined, we obtain for 
each coagulator a characteristic curve of the same type as was previously 
obtained by Westgren ** for the irreversible coagulations of Au-sols. 

Westgren’s research was carried out in connection with von Smoluchowski’s 
theory of irreversible coagulation.® Although (+) in Westgren’s paper rep- 
resents the time during which the total number of particles has decreased 
to one-half, and therefore does not quite correspond to the above 7, it may 
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be of a certain interest to see how the time of aggregation at constant elec- 
trolyte content varies with the number of particles. 
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For this purpose a barium sulphate precipitate was chosen whose total 
particle-number in primary structure was determined to be 29.9 < 10° per c.c., 
by counting in the ultramicroscope. 

As coagulator was chosen citric acid of a constant concentration of 80 
millimoles per liter, at which concentration the aggregation proceeds so slowly 


Sutpur 


Qooz 
Qoor 
% 
Z ery ! 
5.10" 110” 
WV—— 
Fic. 40. Fie. 41. 


that the disturbance when pouring into the precipitation cylinder does not 
cause too large experimental errors. The results are marked off in Fig. 40 


; 1 
where the abscissee are the number of particles and the ordinates are a 
obviously we obtain a nearly straight line. This, therefore, shows that Nt = 


constant and is, in the case under examination, equal to about 6.10%* in 


absolute units. 
This general result has been corroborated for suspensions of kaolin and 


colloidal sulphur as demonstrated in Figs. 40 and 41 and is in formal agree- 
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ment with the von Smoluchowski coagulation formula, which suggests that 
the speed of aggregation in the case of irreversible and reversible aggregations 
is governed by similar factors. 

Studying a wider range of concentration we may, however, distinguish a 
clear diminution of the product N .+ with increasing N. The rectilinear course 
of the curve therefore only holds for certain intervals. 

B. Relation between the Concentration of the Added Electrolyte and the 
Size of the Secondary Aggregates—From the course of the accumulation 
curve; which is steeper and more linear the stronger the concentration of 
the electrolyte (Fig. 39), it follows that the secondary aggregate becomes 
larger as the concentration of the coagulator increases. 


The linear course of the aggregation curve is also a proof that the aggre- 
gate when once grown to a certain size does not grow any more. A fur- 
ther proof of this has been given in the original papers. 

It is even possible to a certain extent to determine the size-distribution 
of the secondary aggregates, as it is only with additions of strong electrolytes 
that they become of fairly equal size. 


Fie. 43. 


It is clear that if one takes away the time of aggregation (+t), one may 
on the accumulation curves (Fig. 37) from C onwards apply the same methoc 
of calculation as previously in the case of single-grain structure. 

_ But the uncertainty and the sources of error naturally become notice- 
ably larger in proportion as the sedimentation takes place more rapidly, and 
it 1s necessary to use larger weights to compensate the falling sediment. 

Such a series of experiments, giving the secondary structure of a BaSO., 


precipitate for an increasing content of the coagulato ; 
in Figs. 42 and 43. ; gulator NH,NO, is showr 


SEDIMENTATION-ANALYSIS AND ITS APPLICATION 897 


_ BaSO, VI. represents the primary structure of the precipitate as obtained 
with addition of a certain concentration of citrate. 

To this suspension NH,NO, to a concentration of 0.00595 moles was 
added, when was obtained the accumulation curve, a part of which is given 
in Fig. 39. 

The time of aggregation can be estimated to 1040 seconds, and the straight 
portion corresponds to a maximum circa 0.6 ut, reproduced in BaSO, IIL, 
Fig. 42. After complete sedimentation, the solution was removed, the pre- 
-cipitate washed with water (but so that small amounts of ammonium nitrate 
were allowed to remain), then shaken with water until primary structure was 
reached, then treated with a new portion of ammonium nitrate, this time 
to the extent of 0.0119 moles, whereon the curve BaSO, IV. was registered. 
The time of aggregation was only 256 seconds. Here the square on the 
right represents the amount of particles which have fallen along the straight 
line with an equivalent radius of 5-6 u. 

The same curve is given in another scale on the extreme left in Fig. 43, 
presented in a different manner, after which follow: 


BaSO,  V. with coagulation concentration of electrolyte NHiNO, 
0.0475 moles 


BaSO, VII. with coagulation concentration of electrolyte....... 0.095 moles 
BaSO, IX. with coagulation concentration of electrolyte....... 0.181 moles 
BaSO, X. with coagulation concentration of electrolyte....... 0.362 moles 


Finally, the appended BaSO, I. is of interest, as it gives us the structure 
as obtained direct after mixing of the 0.2 mole solutions of Ba(NOs;)2 and 
(NH,)2SO,, and then diluted with water to double volume. The ammonium 
nitrate formed is here present in 0.1 normal solution, and the distribution 
curve shows good agreement with BaSO, VII. with 0.095 normal ammonium 
nitrate. 

The calculation of the number of primary particles in the secondary 
aggregates is of course an exceedingly precarious matter. With knowledge 
of the total number of particles in primary structure and the total numbea 
of secondary aggregates, a certain mean value may, however, approximately 
be obtained. 

The Method of calculation, which has been described above, gave for 
1 gram of BaSOQOu,, obtained from 0.2 molar solutions of Ba(SCN). and 
(NH,)SO, the value 6.9 X 10! primary particles. This value has not been 
controlled for all the precipitates whose secondary structure are reproduced 
in Figs. 42, 43, and 44, but as the barium sulphate in all cases was obtained by 
mixing 0.2 molar solutions of Ba( SCN). and (NH,)2SOu, the inaccuracies are 
probably not greater than those caused by the variations in the methods 
of mixing. We may, therefore, without too great an inaccuracy, put the num- 
ber of primary particles at 6.9 X 10 for 1 gram of precipitate in all cases. 

The calculation of the number of aggregates in the different cases of 
coagulation is more difficult. Here my reason for disregarding the 5-10 per 
cent for which the distribution has not been determined, is that these quan- 
tities usually represent an after-precipitate, probably originating from detached 
particles which during the rapid formation of the secondary aggregates have 
come to lie somewhat away from the centers of aggregation, and have only 
gradually aggregated. The fact that they have for this reason been ignored 
therefore makes the calculated value for the aggregates too small. 


. 
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The calculation of the specific gravity of the secondary aggregates as 
equal to that of barium sulphate when calculating the number of secondary 
aggregates is, on the other hand a more hazardous source of error, as we 
have to deal with flakes of probably a very loose structure, including water 
of hydration. I have here made another calculation to show what a great 
influence this source of error has, the specific gravity being arbitrarily fixed 
at 3.00. 


TABLE I 
Dispersep Partictes: BARIUM SULPHATE. ELEcTRoLyTe: Crrric AcID 

Value of Humben 0h Simin ean 

: i articles in the 

Minti TC eee See iitegration for Aggregates for 
the Figs. Moles/Litres in Secs. S:Go= 4.5 S:Gs 13) S.G.= 4:5 S.Gr=3 
TEAL 0.086 3090” 0.13 - 10% 0.08 - 10% 50 80 
XLIX 0.0955 2520” 0.39 - 10% 0.25 - 10% 170 260 
(Vi 0.101 1320” 0.27 - 10* 0.18 - 10% 240 370 
IL WAL 0.114 960” Onin Os O07 10 570 880 
LVII 0.140 660” O53 e105 0.34 - 107 1,200 1,900 
1X 0.297 128” 0.83 - 10" 0.54 - 10" 7,600 11,700 
LXI 0.395 99” 0220 On 0.14 - 10% 28,000 43,000 
LXII 0.540 124” 0.10 - 10* 0.67 - 10” 60,000 92,000 


With these reservations I give in Table I some calculations of this nature. 
The final column ought at least to indicate the order of magnitude of that 
number of particles which form the aggregates with different additions of 
electrolytes. They have been repeated on kaolin suspensions and colloidal 
sulphur. 

C. In the foregoing chiefly water has been used as dispersion medium, 
but it is to be pointed out that various other liquids have a great influence upon 
the tendency of the particles of forming aggregates. Thus D. Werner and 
G. Hedstrom, who are studying the process of aggregation in my laboratory 
in a number of organic liquids, have found that the aggregation of SiO, 
increases as the dielectrical constant, E, of the liquid decreases. For example, 
iQ, nin, CH OH, .(2,.= 315), shows as swellgasmine One. ei. eG 
considerable aggregation. In such liquids, however, as (C2.H;).0, CHCls, 
u-C;Hy2, CsH, and CsH;CHs;, which have an E-value between about 2 and 5, 
there appears a large number of aggregates of a sharply defined size which 
for the liquids mentioned nearly is the same. 

D. The Reversibility of the Aggregation —lIt has repeatedly been observed 
that the precipitates obtained by coagulation with an electrolyte in many sus- 
pensions are reversible, in so far that the coagulate, after washing free from 
the ions, “goes through the filters,” or, if the washing is carried out in a 
centrifuge the precipitate breaks down and can be levigated in water. 

The degree of reversibility, that is to say, whether it is a question of 
complete resolution of the secondary aggregates into primary particles, or only 
a partial one, now remains to be investigated. 

Already several years ago I was able to show by a research carried out 
in collaboration with E. Ohlon,®° that for typical reversible colloids the num- 
ber of particles on repeated coagulation and suspension of the coagulate in 
the same volume of dispersion medium remains unchanged within the limits 
of experimental error, and this occurs even if one suspends the coagulate 
in a solution of an electrolyte, provided that the concentration of the electro- 
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lyte lies below the “critical value of concentration.” This appears to in- 
dicate that the particles retain their individuality in the aggregates without 
any very intimate union or condensation taking place. 

Since the precipitate usually consists of particles of different sizes, this 
sort of calculation of the number of particles before and after a reversible 
aggregation is unsatisfactory, because large variations in the distribution may 
have occurred without this having revealed itself in the determination of 
the mean value of the number of particles. In the experiments which are 
reproduced in Fig. 44 the distribution curve therefore was determined before 
and after aggregation, as well as the secondary structure caused by the 
electrolyte. 
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The curve BaSO, XLV. in Fig. 44 represents the primary structure for 
a citric acid concentration from 0.001 moles to 0.07 moles. (About = the 
range of critical concentration C;—Cy».) On increasing the citric acid con- 
centration to 0.0955 moles coagulation occurred after an aggregation-time 
(t) of about 42 minutes, whereupon the precipitate settled in the course of 
10 hours. This secondary structure is represented by the curve XLIX. 

If now to this system was added enough water to reduce the citric acid 
concentration to within the range of critical concentration (for BaSO, L. be- 
low 0.07 moles) values were registered which were in agreement with those 
of the first primary structure (BaSO, L.). 

E. The Size of Secondary Aggregates is Independent of the Concentra- 
tion of the Particles—While the time required for the secondary aggregates 
to reach their maximum size diminishes with the increasing number of the 
particles per unit volume, the size attained by these aggregates is found to 
be relatively independent of the number of particles. 

This can be proved by carrying out coagulations and observations with 
the same precipitate and at the same electrolyte-concentration, but with differ- 
ent heights of fall, and therefore with different numbers of particles per ccm. 

Two such experimental series are reproduced in Fig. 45. These deal 
with the same precipitate, the primary structure of which is given in the 
curve XLV, in Fig. 44. 

This same precipitate has in LI been given 0.08 moles of citric acid, 
and observations were made at 15 cm. height of fall and total volume 2420 
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cem., when the number of particles immediately before aggregation amounted 
to 11.8 X 10° per ccm. After the precipitate had fallen completely 740 ccm. 
of the dispersion medium was tapped off and the precipitate vigorously shaken ; 
observations were again made, this time with a height of fall of 10 cm. and 


1680 ecm. volume: (NV =.17.05; x 10°)... whe. curves BaSO, LAs wasmthes 
obtained. BaSO, LIII. finally was obtained in a similar manner at a particle 


number of: NV = 29.9 < 10°. per. ecm:, by obseryjng at a height of fallot 
5 ccm. and total volume of 910 ccm. 
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The discrepancies between the three series of observations appear most 
clearly in the case of the smallest aggregates. It is possible that, when 
shaking before each series of observations to release the primary particles 

’ 
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while the coagulation ion still remain in unaltered concentration, the disin- 
tegration does not proceed to completion for the very small particles, and 
that the irregularities are to be referred to this cause. 

The important point is that for over 75 per cent of secondary aggregates 
between 0.6 and 1.4 p the curves coincide within the limits of experi- 
mental error end that no tendency towards the formation of larger secondary 
aggregates is to be observed in LII compared with LI, though the particle 
_concentration was here three times as great. In the case of LI the path of 
fall was 15 cm. and the largest aggregates from the upper levels had been 
on their way for hours before reaching the bottom. If primary particles 
could unite in unlimited numbers this would have been shown by the accumula- 
_ tion curve, which is given in Fig. 46, and which would then have shown a 
curvature convex to the x-axis. 

Further examples showing disintegration and aggregation with increas- 
ing addition of certain electrolyte will be found in a publication to appear 
shortly. 


3. Applications to Agricultural and Geological Problems. 


The applications of the methods of sedimentation analysis to agricultural 
and geological problems are chiefly of descriptive and classifying nature; but 
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besides this some experiments on geological phenomena have been carried out 
and the methods have been extended to calculation of the total surface area of 
soils. 

At first the best way to obtain a complete dispersion and disaggregation of 
the soil particles was studied.” 

I recommended the method introduced by W. Beam*® to rub the soil 
sample gently with a stiff brush adding ammonia water up to a concentration 
of 0.1 n, and then shaking the suspension for 24 hours without boiling. 
The comparison between various methods is most conveniently seen from the 
q-function and by way of example ‘the lig. 47 gives the difference. 
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The same thing is exemplified by Fig. 48 where the other way to express 
the distribution indicates that while boiling effectuates a disintegration in 
the interval 3 4 to 10 m, it causes a considerable aggregation of the smallest 
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particles, giving rise to aggregates of the average size 1-2 p. For further 
details, see the original papers.2? The experiments on the aggregation and 
coagulation of clay particles have not been completed so far as to be de- 


do 


4s Ae 12,2 20,1 


Fic. 49, 


scribed in detail.°* The same problem has been successfully treated by N. M. 


Comber °* by other methods, and a comparison between our results will be 
given elsewhere. 
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The descriptive work aiming at as complete a reproduction as 
of the distribution of the particles was begun with a study of the deep-sea 
deposits collected by the Challenger expedition and obtained from the late 


possible 
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Sir John Murray. Figs. 49, 50, 51 show the considerable difference between 
the Atlantic and Pacific red clay. In Fig. 51 are reproduced two globigerine 
oozes. These curves are of interest since they show a distinct gap in the dis- 
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tribution where no particles are to be found. It was found that the right 
hand portion consisted of the organism residues, and the left hand of inorganic 
clay. 

Similar minima in the distribution were obtained by G. Froédin °° who 
studied the so-called (flyt-jordar) solifluction soils, t.e., soils which have a 
tendency to flow when wetted above a certain percentage of water, especially 
if alkaline conditions are prevalent, as is often the case when ammonia is pro- 

- duced by bacteria in the spring. Then the smaller particles form a suspen- 
sion or colloid solution which renders the sudden breaking down of the 
structure more easy, since the cementing material is taken away. One of 
Frodin’s curves is reproduced in Fig. 52. 


Contrary to this the casting-sands, investigated by S. Johansson,”*? showed 
a very marked and often sharp maximum (Fig. 53) in the distribution. 

Interesting confirmation of de Geer’s theory °* with regard to the forma- 
tion of the stratified Yoldia clay was obtained during the study of the struc- 
ture of the various layers. 
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The thickness of the strata varies a great deal. 


Fic. 53. 


The lower strata may 


show a thickness of several,decimeters, but this diminishes as we go higher 
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E. An area where the striation could scarcely be distinguished, but 
where the clay certainly did not belong to the “stained zone”, 
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until the thickness is not more than a millimeter, or even a fraction thereof. 
Higher up the streakiness disappears, and the clay takes a homogeneous 
gray-brown tone, with here and there a striated appearance. This brown- 
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gray clay merges higher up into the postglacial overlying clay strata, de- 
posited in the Ancylus Lake and the Litorine Sea. 

Some of these results are reproduced in Fig. 54, showing the finer struc- 
ture as the source of the deposition, i.e., the mouth of the ice river from where 


the clay came, went further back with the ice-edge of the great inland glacier. 
As further examples of distribution curves may be reproduced the structure 
of some clay-fractions from some Sudan soils investigated at the request 


of Dr. A. F. Joseph of the Wellcome Tropical Research Laboratories of 
Khartoum, Fig. 55, and a very fine-grained quarternary Swedish clay, the 
Ancylus-clay, specially studied by A. Reuterskiold ® (Fig. 56). 
Further, a wind-deposited “loess” from Vermland (Vig. 57) and a quick- 
sand from Vermland (Fig. 58), and as an example of a coarse sediment 


| oe 
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studied partly by sieve analysis, partly by sedimentation analysis, I repro- 
duce in Fig. 59 the structure of a morain from Vermland. 


Fic. 59, 


Finally, it may be mentioned that Moyer D, Thomas * has recently pub 
lished a paper on the structure of some natural Utah soils studied by means 
of the Gardner-Jennings method. 
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The Colloidal Aspect of Analytical Chemistry 


By Proressor Henry Bassett, D.Sc., Ph.D., D.ésSe., F.LC., 
University College, Reading, England 


The following article is an extension of one by the present author on 
“Colloid Problems in Analytical Chemistry” which was contained in the 
Fourth Report on Colloid Chemistry.* Permission to make use of that 
article was given by the Controller of H.M. Stationery Office. 

An endeavor has been made to consider all papers bearing on the subject 
being discussed which had appeared up to the end of 1925: 


The important part that colloid phenomena play in chemical analysis has 
doubtless been recognized in great measure since Ostwald drew attention to 
the matter in 1894 in the first edition of his well-known book “Die Wis- 
senschaftlichen Grundlagen der analytischen Chemie.” There can be little 
doubt, however, that such phenomena play an even more fundamental part 
in most analytical operations than is generally realized. Much still remains 
obscure, but sufficient is now known about colloids and their behavior under 
different circumstances to give the chemist sure guidance through most of his 
analytical difficulties. 

In what follows an attempt has been made to survey the matter as gen- 
erally as possible—illustrating it with a few examples. Aqueous solutions 
alone have been considered. An attempt has been made to treat all the 
“colloidal” phenomena as being essentially due to ordinary chemical processes 
and explicable in terms of chemical combination and ionization. This method 
of dealing with the matter seems to have certain merits. It is hoped that all 
important matters have been considered sufficiently, to cover, in a general 
way, all the special characteristics of particular reactions. 


THE FoRMATION OF PRECIPITATES 


The last stage in the formation of a precipitate is, in many cases, the co- 
agulation by electrolytes of a colloidal solution. To what extent all pre- 
cipitates pass through this, or a similar stage, seems somewhat doubtful, but 
a consideration of the conditions which lead to precipitation will give some 
clue to the probable course of events. The question of the coagulation of 
colloidal solutions and the re-solution or peptization of the precipitates ob- 
tained, has been considered very fully, and with a wealth of references, by 
Bancroft in the Second Report of the Committee on Colloid Chemistry and 
its Industrial Applications, 1918, pp. 2-16. 

The recognition of the part played by the “solubility product” in deter- 
mining the conditions under which a compound can be precipitated, is due to 
Ostwald; and although the law of mass action is not generally applicable to 
strong electrolytes, at any rate in its simple form, it does in most cases give 
Me “British Association for the Advancement of Science.’’ Published by H.M. Stationery Office, 
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a very useful guide. In favorable cases, such as the precipitation of spar- 
ingly soluble salts of weak acids (e.g., sulphides of heavy metals) the re- 
quirements of the law are often obeyed quantitatively. 

These results are, however, independent of the mechanism of the final 
stage of precipitation and would be the same whether that were of the nature 
of ordinary crystallization or of electrolytic coagulation. : 

It is the stage of precipitation prior to the actual settling out of the solid 
which would appear to depend directly on the solubility product, and for the 
present purpose it can be assumed that the law of mass action does apply to 
the initial stages of all precipitates. 

On mixing solutions of two electrolytes, which by double decomposition 
can give rise to a less soluble compound, the latter will sooner or later 
separate from solution when its solubility product has been overstepped. The 
time taken for this to occur may vary greatly according to circumstances and 
so also will the degree of supersaturation required. It is important to bear 
in mind that the solubility of a substance depends upon the size of the particles. 
Vhe solubility is practically independent of size if the particles are greater 
than 0,02 mm. in diameter, but there-is a well marked increase when they 
become much smaller than this. When their magnitude approaches that of 
an isolated molecule, their solubility may be many times greater than that 
characteristic of large particles. It is because of this increased solubility 
of fine particles that in the absence of the solid phase, some supersaturation 
is inevitable prior to precipitation. Its degree will depend upon such factors 
as (a) presence or absence of dust or other nuclei, (b) physical conditions 
of the experiment such as temperature, rate of admixture of reactants, etc., 
(c) specific characteristics of the substance being precipitated. 

The unstable supersaturated condition breaks down more or less sud- 
denly, but the degree of suddenness varies from case to case, being influenced 
by temperature and many factors such as rate of movement of the solution. 
The well-known effect of scratching the glass walls of the containing vessel 
in promoting crystallization of such substances as magnesium ammonium 
phosphate has been ascribed by Fricke* to the formation of a suspension 
of negatively charged glass particles which act as crystallization nuclei. Dede * 
gives an electrostatic explanation of the phenomenon, however, while Fricke 
and Rohmann * have also suggested that the formation of a fresh surface or 
a surface partly separated from its surface film favors the separation of 
Se veatied of polymolecular nuclei now form in the solution, Their num- 
ber will depend chiefly upon (a) the degree of supersaturation, (b) the sud- 
denness with which the condition of supersaturation breaks down, (c) the 
total concentration of the compound about to separate, (d) the temperature— 
this mainly as affecting (a), (0) and (c).. ' ! 

If the individual molecules in these primary nuclei are all oriented in the 
same way, the latter must be regarded as being crystalline, and it seems likely 
that this is the case except possibly with substances of very high molecular 
weight.* The number of individual molecules in the primary nuclei may well 
ees ee of Perrin ® we know that, on the one hand, such nuclei 
will behave like large molecules. They are able to diffuse, exert osmotic 
pressure, etc., in virtue of their molecular motion (the Brownian move- 


shows that crystalline and random clusters may co-exist, e.g., 
* The X-ray spectrometer (Scherrer) ia ow ry 


in colloidal silicic and stannic acid. 
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ment), which however is slow, and corresponds to their high molecular weigh 
(that of the aggregate regarded as one molecule). On the other hand, th 
particles will have the properties characteristic of a sol, although probabl 
some of these properties are the result of interaction between the nucle 
originally separating out and the surrounding solution. 

As soon as the nuclei appear they are subject to the influence of all th 
constittients present in the surrounding medium—molecules and ions of bot 
solvent and dissolved substances. Molecules of the same kind as those pres 
ent in the primary nuclei tend to attach themselves bodily and regularly, sc 
increasing the size of the crystal which would ultimately become large enougl 
to settle out provided no other complicating factor came into play. In many 
cases the minute growing crystal (which, as has been mentioned, can be re 
garded as a single molecule)* may be expected to have some tendency t 
split off one or more ions and the electrical charge, which such particles usually 
carry, is probably to some extent due to such ionization. This ionizatior 
probably occurs in such a way as to give one or more simple ions of smal 
mass and a heavy residue. Whether the light ions so split off are positive 
or negative will depend upon the chemical nature of the ionizing particle, but 
this spontaneous ionization would certainly be largely influenced by other 
ions present in the solution, and this question will be considered presently. 

That “colloidal electrolytes” exist is now well recognized, largely as 2 
result of McBain’s work on the soaps.® They are special cases of colloids 
where the electrolytic character is more marked than it is in the case of most 
of the colloids with which this paper deals. This is largely because the 
typical “colloidal electrolytes” are much less sensitive to coagulation than are 
ordinary colloids. They are moreover salts to which definite stoichieometric 
formulz can be assigned. 

It seems reasonable to think that the transition from the stage in which 
a substance is dissolved in the simplest molecular condition to that where 
it separates in the solid (or liquid) state, either visibly or ultramicroscopically, 
is really continuous, although the whole transition may occur over such an 
excessively small range as to make its actual observation very difficult. The 
charged (ionized) colloidally suspended crystalline particle would thus be 
the result of gradual polymerization (or growth) of the simple molecules. 
There is evidence to show that a kind of polymerization and ionization similar 
in character to that just imagined does occur in solutions of many salts at 
concentrations far below those at which even ultramicroscopic particles begin 
to form. There seems no reason why it should not continue right to the limit 
of crystallization. Cases of this kind have been investigated by Donnan 
and Bassett,’ and by Watkins and Denham,® where the polymerization and 
ionization was of such a character as to give simple metallic cations (Co”, 
Cu*>),; and heavier complex anions such as’ Co'Cly sor Car Clix 

Now in most cases the crystalline particle forms and grows in a solu- 
tion containing simple molecules and their ions other than those which go 
to build it up, and it is to be expected that some interchange of ions will 
occur. A particle ionizing into a heavy complex cation, and one or more 
simple anions such as OH’, Cl’.or SO,.”, will exchange some of the latter 
for any other negative ions also present in the solution. The extent of this 
interchange will depend, among other things, upon the relative proportions 


* But they are not molecules. This recalls Abraham Lincoln’s poser: If you call a dog’s tail a 
leg, how many legs has a dog? His answer was four; because calling a tail a leg, does not make it 
a leg. 
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of the foreign anions and those characteristic of the particle. This would be 
perfectly analogous to the process by which, for example, some K Br is formed 
ina solution obtained by mixing solutions of Na Br and KCl, and it would 
seem to be one reason for the almost constant presence of some foreign acid 
radicles in many precipitates. Where the particle ionizes into heavy complex 
anion and one or more simple cations, the latter will similarly be exchanged 
to some extent for other positive ions present in the solution. It will be 
realized that ions thus taken up by the particle may themselves be of a 
composite character and contain both metal and acid radicle. 

The more or less ionized particles are also subject to other influences, 
not precisely of an ionic character, in which the solvent molecules, as also 
other molecules present, play an important part. Some of these various mole- 
cules attach themselves to the surface of the suspended particles—so-called 
surface adsorption. This has generally been regarded as a physical process, 
though the work of Langmuir ® (summarizing paper in J. Amer. Chem. Soc., 
1916, 38, 2221) has shown that it is probably essentially chemical in nature 
and due to more or less marked residual affinity of the surface layer of the 
adsorbing particle. The work on crystal structure by Bragg and others ° 
clearly shows that the atoms in the outermost layers of crystals are not fully 
saturated, so that such surface additions of foreign molecules need not be 
regarded as very remarkable. The firmness with which they are held will 
naturally depend both on the nature of the adsorbing particle and on that 
of the foreign molecules. As it is a surface phenomenon, it is only well 
marked in cases where the adsorbing substance is in a fine state of division. 
In aqueous solutions a sheath of water molecules appears to be so held, con- 
taining, however, other molecules as well. 

There seems no reason why some of the molecules so held should not 
still ionize in more or less the usual way, which really amounts to the same 
thing as saying that certain ions are removed from the solution and adsorbed 
by the colloidal particles, which would at the same time receive the ionic 
charges. The usually accepted view is that the charges carried by colloidal 
particles originate in this way by ionic adsorption, but it seems a mistake to 
ignore the possibility of spontaneous ionization of the particles themselves. 

The sheath of adsorbed water (or solvent) molecules round the particles 
in a colloidal suspension probably plays an important part in preventing 
coalescence and settling out when the particles collide. As a rule the particles 
are electrically charged in a similar manner and so repel one another, but 
uncharged particles can remain in colloidal suspension in some cases, and 
even in cases where most of the particles are charged it must be supposed 
that some kind of equilibrium exists between the charged particles, its ions 
and the uncharged particles. Some collisions between the latter probably take 
place therefore, and in time, even in such cases, coalescence and settling out 
might be expected to occur and in many cases actually does occur. Any 
adsorption sheath, either of water or other molecules, would tend to prevent 
coalescence occurring on collision. The action of so-called “protective” col- 
loids and, in certain cases, of crystalloidal non-electrolytes in preventing the 
formation of precipitates is explicable in this way. Ye 

That colloidal suspensions may be coagulated by the addition of electro- 
lytes is well known, but the mechanism of the process is doubtful. It is 
supposed to occur and probably does occur in two stages, the neutralization 
of the charged particles followed by their coalescence. The phe oton ‘ 
generally regarded as being due to the adsorption of that ion of the addec 
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electrolyte of opposite charge to the colloidal particle, and doubtless this 
correct. It seems reasonable to look at the matter from the ordinary ior 
point of view. The process may be akin to the throwing back of the ioniz 
tion of an ordinary electrolyte by the mass influence of the added ion whi 
is common to the two electrolytes. Neutralization might also be due to tl 
electroaffinity of the ion which causes coagulation, being smaller than that « 
the simple ion split off from the colloidal complex and hence, also its tenden: 
to remain ionized." 

Other things being equal, the efficiency of salts as coagulants might | 
expected to depend upon the electroaffinity of the anions in the case of pos 
tive sols and of the cations in the case of negative sols, and this may we 
be the basis of Schulze’s law,” for in a general way electroaffinity falls o 
with increasing valency. The many exceptions to Schulze’s law would al: 
be explicable, for electroaffinity depends upon many other factors the 
valency."® 

The matter is, however, complicated by adsorption of the un-ionize 
electrolyte and in many other ways, so that when different electrolytes a1 
arranged in their order of effectiveness as coagulants, that order is not alway 
easy to explain, while the amounts of the ions adsorbed are not even approx 
mately equivalent.** * 

Adsorption by the neutralized sol particles during their agglomeratio 
seems to be one of the factors which most affects the relative amounts ¢ 
different electrolytes carried down by the precipitate.* The high efficienc 
of acids as coagulants for negative colloids seems more satisfactorily a 
counted for by the low electroaffinity of the H. ion than by its high ioni 
conductivity and in fact most of Westgren’s results *® seem more intelligibl 
when so explained. Thus the fact that, of the three sodium salts (Na IO 
NaCl, NaOH) examined, the first is the most efficient coagulator for nega 
tive gold sols, and the third, the least, falls naturally into line with the fac 
that the IO,’ ion has the highest electroaffinity and the OH’ ion the leas 
The 10,’ ion will most readily surrender its Na ion to the negative colloidz 
particles, while the OH’ ion will do so least readily. 

In certain cases polyvalent ions may assist the process of coagulation i: 
another way by actually linking together two or more of the colloidal ions. 

The mutual precipitation of oppositely charged colloids can obviously b 
regarded as a special case of the process outlined above and in that sense i 
to be frankly regarded as ionic and chemical. 

No simple stoichiometrical relationship is to be expected between th 
positive and negative constituents of the precipitates obtained by coagulat 
ing colloidal solutions, either by electrolytes or by other colloids, but this doe 
not necessarily mean that the process is not chemical in the broader sense, ani 
this is now being generally recognized. A good deal of experimental worl 
is being directed towards the determination of formule for various sols whicl 
are regarded as highly complex salts. 

Formule of the type of highly basic salts have been assigned to the sols o 
various metallic hydroxides by Pauli and others.** Metal sols contain particle 
which do not consist solely of the metal but which are complex and of a salt 
like character.** The sol of arsenious sulphide is of the nature of a highh 
condensed sulph-arsenious acid.1® The composition of the colloidal complexe 
(or micelle) present in stannic acid or silicic acid sols has been investigate 


* See paper by H. J. Weiser, this volume, p. 600. J. A. 
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by Wintgren *° and Pauli and Valko 2 and their formule may be compared 
with those of McBain for the colloidal micelle of soap solutions.* 

__ That adsorption is often closely akin to ordinary chemical combination is 
shown by many facts and, among others, by the behavior of dyes towards 
various substrates. There is a recent paper by Rheinboldt and Wedekinn *4 
which emphasizes this. It is shown that substrates of acidic character are 
only fast dyed by basic dyes and conversely. The behavior of dyes towards 
titanic acid and Stannic acid is in agreement with this.2? Irreversible adsorp- 
tion seems to be connected with more definite combination than occurs in ordi- 
nary reversible adsorption, but whether any sharp distinction can be drawn 
between the two types may be doubted.22% 

Many of the phenomena observed in the adsorption of gases by partly or 
completely dehydrated zeolites suggest that it is not merely surface adsorp- 
tion which occurs but that the gas or vapor actually enters into the crystal 
lattice in the position previously occupied by water.2* In other words the 
adsorbed material is chemically combined just as much as was the original 
water. 

After the particles in a colloidal suspension have been neutralized by ionic 
adsorption their coalescence or agglomeration follows more or less rapidly 
as a result of molecular collisions. The frequency of these depends mainly 
upon the concentration of the particles and their velocity, which again de- 
pends upon their mass and upon the temperature. The influence of these 
several factors has been considered in some detail by von Smoluchowski 74 
and the equations he derives for the influence of the concentration of the col- 
loid on the rate of coagulation are comparable with equations for ordinary 
chemical reactions of the second order. Sven Odén* has devised apparatus 
for automatically recording the rate of settling of precipitates and with its 
help has carried out important studies on precipitate formation.; He has 
tested von Smoluchowski’s formula and found it satisfactory.?°* 

A great deal of work has, in fact, been carried out during the last few 
years to test von Smoluchowski’s theory. Mukherjee and Papaconstantinou *° 
found good support for it in their work on gold sols, while Lachs and Gold- 
berg 27 found that the time required to coagulate gold sols at temperatures up 
to 70° by a constant amount of sodium chloride was inversely proportional 
to the absolute temperature as demanded by the theory. According to Kruyt 
and van Arkel?% the theory is not capable of entirely explaining slow 
flocculation although there is a wide range, particularly for diluted sols, 
where it is verified.t The theory can be applied to borax fusions.*? The 
variation in the precipitating value of various electrolytes with the concen- 
tration of the disperse phase has also been considered by Kruyt and van 
der Spek,®° Burton and Bishop,*t Weiser and Nicholas,*? and Murphy and 
Matthews.?2 The behavior observed varies greatly with the valency of the 
ions concerned and depends to a large extent on the relative adsorbability of 
the precipitating ion and of the stabilizing ion. If the adsorption of the 
later is negligible and that of the former large, the precipitating value varies 
almost directly with the concentration of the colloid. This is found to be 
the case for tri- and quadri-valent ions.** 

The influence of concentration of the colloid, shaking and temperature, 
on the flocculation of colloidal As, S, varies with the nature of the electrolyte 
used to cause flocculation.*® 


* See paper by J. W. McBain, this volume, p, 1387. 
+ See Pease by Sven Odén, this volume, p. 861. J. 
t See paper by H. J. Kruyt, this volume, p. 806. J. A: 
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Mukherjee and Sen ** have shown that increasing the distance betwe 
sol particles tends to stabilize the sol, so that, of two sols containing t 
same concentration of colloid, the one having finer particles is the more readi 
coagulated by electrolytes. The effect of temperature in altering the ra 
of coagulation of hydrosols by electrolytes seems to be largely due to modific 
tions in the adsorbability of the different ions.** 

Westgren and Reitstotter ** have summarized Smoluchowski’s kinetic h 
pothesis of coagulation and given an account of work which has been publish 
with the object of testing it. More recent work on rate of coagulation h 
been published by Mukherjee and Majumba,*** Anderson,**? Freundlich a1 
Basu,®8¢ Jablezynski,**4 and Paine and Evans.**° It is usually found that tl 
results obtained in the region of rapid precipitation agree satisfactorily wi 
Smoluchowski’s theory but that there is only partial agreement in the regic 
of slow precipitation. Other formule which more or less satisfactorily co 
nect rate of coagulation and concentration of the precipitating electrolyte ha 
been devised by Freundlich *** and by Schalek and Szegvari.*** 

Sven Odén has considered the mode of formation of the secondary a 
gregates and their stability.°® There seems no doubt that the adsorbed wat 
(degree of hydration) plays a very important part at this stage and th 
coalescence of individual particles to form the secondary aggregates is large 
due to capillary * forces between the particles coming into play. If the 
forces are small or the degree of hydration large, the secondary aggregat 
are not very stable and are easily broken down again—and this is in ft 
agreement with the well established fact that lowering the interfacial tensic 
between solid and liquid (or liquid and liquid) favors the formation of cc 
loidal suspensions. If, however, the original degree of hydration is too slig 
(as with metallic particles), or if the aqueous envelopes surrounding tl 
particles become broken, so that the particles come within the range of the 
cohesive * forces, then the secondary aggregates formed are much more stak 
and the transformation is not reversible. It is partly to enable such chang 
to occur in the secondary aggregates—changes which may sometimes amou 
to actual crystallization—that precipitates are frequently allowed to stand « 
even digested for some time before filtration. 

The presence or absence of a water sheath on colloidal particles is large 
dependent upon the chemical nature of the substance of which they are cor 
posed. With the so-called hydrophobic colloids the sheath appears to be mo 
or less absent while it is considerable in the case of the hydrophilic colloic 
The division of colloids into so-called suspensoids and emulsoids seems al 
to correspond in the main to a slight and to a large hydration respectivel 
The water sheath on the sol particles—or their degree of hydration whi 
is another way of referring to the same thing—is of considerable importan 
as it introduces another stabilizing factor. 

All colloids which readily “dissolve” in water and are capable of acti1 
as “protective” colloids, as also all easily reversible colloids, appear to car 
considerable water sheaths. According to Kruyt and de Jong *° an emulso 
sol possesses two stabilizing factors: the electric charge on the particles at 
their hydration. Both of these must be removed before coagulation occut 
If the charge only is removed a lyophile sol remains, but if the hydratic 
only is removed a suspensoid remains. Salting out is a combined dischar: 
and dehydration. The action of alcohol, etc., in coagulating protected silv 
sols,*t and indeed other sols, is no doubt mainly due to its dehydrating actio 


* Qn Langmuir’s view of the matter (Joc. cit.) these forces are essentially chemical, 
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It will be realized that in any individual case the formation of a precipi- 
tate may either be due to ordinary crystalline growth of the separating particles 
until they are sufficiently large to settle out, or the primary crystalline particles 
formed may be coagulated by the action of electrolytes present or by the 
action of oppositely charged particles, or a combination of these processes may 
even occur.* 

It may not be easy to say which course is followed in any given case, but 
the more soluble a compound, the more likely is its precipitation to be due 

_ to simple crystalline growth and conversely. 

It can, however, be asserted with confidence that, provided the precipi- 
tate is sufficiently insoluble, it will be the more desirable from the analyst’s 
point of view the more its formation depends upon simple crystalline growth, 
owing to the greater readiness with which such a precipitate can be filtered 
and washed and to its greater purity. 

It is evident that, as far as actual precipitation is concerned, all efforts 
should be concentrated on obtaining a crystalline precipitate or, if that is out 
of the question, an amorphous precipitate as dense as possible, that is to say 
one formed by coagulation of the largest possible colloidal particles. Precipi- 
tation must therefore be carried out as slowly as possible, and this is done 
by adding the precipitating solution very slowly, stirring all the time, to the 
other solution. Both solutions should be moderately dilute, the dilution per- 
missible or necessary depending on the true solubility of the substance to be 
precipitated. Only a moderate excess of the precipitating solution should 
normally be employed owing to the danger of formation of crystalloidal com- 
plex salts and resolution of the precipitate, if large excesses of reagents are 
used. A very slight excess of precipitant may not be satisfactory as in such 
cases the slight excess may, with amorphous precipitates, cause peptization 
of the precipitate and formation of a colloidal solution as in the case of silver 
chloride (Lottermoser—see later).f A moderate excess of reagent is nearly 
always satisfactory as by its ionic effect it diminishes the solubility of crystal- 
line precipitates and also helps the coagulation of amorphous ones—this being 
regarded above as also an ionic effect in reality. é Ke 

Conditions should also be such as to ensure the greatest possible solubility 
(within reason, of course) of the precipitate at the actual time of its forma- 
tion. An elevated temperature is generally favorable to this and in many 
cases proper attention to the acidity, etc., of the solutions may be very help- 
ful. Once precipitation has been effected, the solubility is again lowered by 
allowing to cool and by complete or partial neutralization of any acidity, or 
possibly by other means. An elevated temperature may sometimes accelerate 
the electrolytic coagulation of sols which would be unfavorable to the forma- 
tion of dense precipitates. A moderate temperature may therefore be better 
than either a lower or higher one for the precipitation of amorphous precipi- 
tates. This applies to aluminium hydroxide which is best precipitated at 66°. * 
Digestion subsequent to precipitation and even standing for some time at the 

' ordinary temperature before filtration are also favorable owing to the oppor- 
tunities so given for crystalline particles to grow at the expense of any very 
fine and more soluble ones that may be present or for amorphous precipitates 
to undergo those secondary changes which may amount to crystallization and 
which at least cause them to become denser. 

Owing <o the need for postponing the electrolytic coagulation as long as 


se" , A 
* See paper of P. P. von Weimarn, this volume, p. 27. eA 
tT pce iso paper by A, Lottermoser, this volume, p. 670. J. A. 
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possible, attention must be paid to having as small a concentration of electr 
lytes present as is consistent with the general requirements of the expe 
ment. The unfavorable effect of high salt concentrations on the charact 
of precipitates is well known. The nature of the electrolytes present can al 
sometimes be controlled in the sense of ensuring the absence of those of ve: 
high coagulating power. 

The need for precipitating substances as slowly as possible in analytic 
operations and with adequate mixing of reagent and solution is well know 
A method of doing this which its author calls “Precipitation in extreme dil 
tion,’ has been described by Hahn.** It consists in the slow simultaneot 
addition of the two reacting solutions to a small quantity of hot water. Vet 
coarse and pure precipitates of even barium sulphate can be so obtained. Tl 
importance of vigorous stirring during precipitation has been pointed out t 
Dutoit and Grobet.* 

Exposure to bright light increases the rate of coagulation of many colloid: 
solutions even when protective colloids are present.*°* It seems probable thi 
this is usually, if not always, the result of photochemical changes. These ma 
lead either to the destruction of stabilizing electrolytes or to the productio 
of others which act as coagulants.*® 

Filtration influences a sol in the sense of causing an increase in the siz 
of particles. For this reason it tends to cause coagulation. Boiling also cause 
coagulation, probably as a consequence of an adsorption process at the liquic 
vapor interface.*? 

There is an interesting condition of a sol which is intermediate betwee: 
that ordinarily holding when the sol is at rest and the condition when coagu 
lation or crystallization has occurred. 

Many sols when in movement or when placed in a magnetic or an electri 
field show double refraction when examined between crossed nicols.*® Th 
properties of such sols are similar to those shown by crystalline liquids. Th 
double refraction is probably due to formation of long particles producec 
by an ordered coagulation which is distinct from the usual un-ordered co 
agulation. Colloids such as gelatin or albumin in certain concentration 
prevent the appearance of the double refraction; they act as protectiv 
colloids. Addition of electrolytes favors the production of this kind o 
double refraction and there is some similarity between the efficiency o 
different electrolytes in this respect and their efficiency as ordinary coagu 
lants.*® 

That the precipitation of a colloid by an electrolyte is a complex phe 
nomenon is now well recognized. In the simplest case the ion of the same 
sign as the sol particles tends to neutralize the precipitating action of the 
ion of opposite sign. When precipitation is produced by a mixed electro. 
lyte conditions become still more complicated since the various ions of the 
same sign may modify each other’s effects. If several electrolytes have 
approximately the same precipitating value, then for mixtures of these the 
effects produced are approximately additive. When the precipitating value: 
differ widely, however, then in admixture the effects may be far from addi. 
tive, relatively more of each electrolyte being required than if the others were 
absent.®? The deviations from the additive relation depend also upon the de. 
eree of hydration of the colloid and are apparently not observed with definitely 
hydrophobic colloids.** A number of papers have been published recently 
which deal with the stabilizing effect of the ion of same sign as the sol particles 


* See also paper by R. Audubert, this volume, p. 353. J. A. 
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_ Many of these are of unnecessary length while there is much repetition and 
some contradiction.*# 

From the analytical point of view the most important case of coagulation by 
mixed electrolytes is that in which it is brought about by positive ions in 
presence of hydrogen ions. A good deal of work has recently been done on 
this question. 

Under otherwise comparable conditions different acids tend to precipitate 
negative colloids (e.g., mastic) at the same py value. Only when the anion 
of the acid has a marked stabilizing effect on the colloid are marked devia- 
tions from this behavior to be noticed. The precipitating value of other 
cations depends on the py value of the solution and approaches a limiting 
value as this increases. For mastic sols the limiting values are reached when 
Pu is about 7 or 8. 

The effects produced by different electrolytes in coagulating colloidal solu- 
tions should therefore be compared at the same py value and preferably at 
the limiting value.*** In the case of the flocculation of colloidal clay by a 
mixture of KOH and KCl it was found that the amount of electrolyte required 
for flocculation increased ten times when the py of the mixture increased 
from 6.2 to 8. Further increase in alkalinity was without effect.®* 


Purity, FILTRATION AND WASHING OF PRECIPITATES 


In those cases where precipitation is due entirely to crystalline growth 
the purity of the precipitate will normally be of a high order. 

Impurities are only present, in a form readily removable by washing, as a 
thin layer adsorbed on the surface of the particles. The coarser the pre- 
cipitate the less its surface and the more readily can it be washed. As this 
form of precipitation is most likely to occur with compounds which are 
not highly insoluble, attention must be paid to the use of the minimum amount 
of wash-water. rane 

Impurity of such precipitates, other than that which is due to surface 
adsorption and readily removable, is only to be feared in cases where iso- 
morphous replacement is possible as, for example, in separating calcium, 
strontium and barium. ; 

Crystalline precipitates, moreover, are not likely to pass into colloidal solu- 
tion again during the process of washing, their passage back into solution be- 
ing determined by ordinary solubility. 

The above statements would, in some measure, apply also to the case of 
precipitates which have resulted from electrolytic coagulation of a sol, but 
where the secondary aggregates have undergone rearrangement, either to the 
extent of crystallization or, at least of a sufficient degree to cause rupture of 
the adsorbed water layers. we 

The case is very different, however, when the precipitate has separated 
wholly owing to electrolytic coagulation and without any subsequent rearrange- 
ment of the secondary aggregates. With this type of precipitate there is 
much more general surface adsorption because of the finer state of aggrega- 
tion, but material so adsorbed is doubtless fairly readily removable by wash- 
ing. One has in addition to deal with the much more intimately combined 
acidic or basic atoms or radicles which played such an important part in dis- 
charging the original charged sol particles or which had been taken up by 
them by the method of ionic interchange suggested previously. Atoms or 


* See also paper by L. Michaelis, this volume, p. 471. J. A, 
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radicles so attached will generally lie just on or in the surface of the co 
stituent particles of the secondary aggregates composing the precipitate. Stet 
considerations will usually prevent their actual absorption into the crystalli: 
particles unless there is possibility of some isomorphous replacement. T 
finer the sol particles are at the moment of coagulation the more serious 
contamination of this kind likely to be, and, moreover, it cannot as a rule 
removed by simple washing. 

The attachment of such contaminating groups or atoms has been attribut 
to ordinary chemical forces supported firstly by the mass effect (concentr 
tion) of the ion which becomes so attached, and secondly—especially in tl 
case of polyvalent ions—by its relatively low electroaffinity. Which of the 
two factors is the more important will vary from case to case and the b 
havior of the precipitate on washing will largely depend upon which pr 
dominates. If the mass effect of the discharging ion is of much importan 
a relatively high concentration is required for the complete neutralization « 
the charged sol particles which must precede their coagulation. On washit 
the coagulum the mass effect is no longer sufficient, and although the co! 
taminating radicle is thereby gradually removed, such removal is fatal to tl 
continued existence of the precipitate. The radicle once more passes into tl 
ionic state leaving its complementary particle in the precipitate charged and - 
a short time the precipitate disintegrates, the individual charged particles aga 
passing into colloidal solution. Where the contaminating or discharging ion 
mainly attached by virtue of its low electroaffinity such removal on washir 
is much slower and the precipitate does not so readily pass back again in 
colloidal solution. 

Washing a precipitate with a solution of an electrolyte may be expecte 
to counteract any such tendency to pass into colloidal solution and is indee 
a well known analytical artifice. When the washing electrolyte is suitab. 
chosen it may be possible to eliminate undesirable constituents from the pr 
cipitate almost completely and to obtain after ignition a product of the co 
rect composition. 

Some interchange between adsorbed material and material in sviution wi; 
always occur. The tendency will always be for an ion which is readi 
adsorbed to replace one which is less strongly adsorbed. The following cas 
due to Charriov,°* is of some analytical interest. Alumina precipitated 1 
ammonia from a solution containing chromate is yellow owing to adsorbe 
chromate which cannot be removed by prolonged washing with boiling wate 
or with water containing ammonium nitrate, chloride or acetate. When, hov 
ever, the alumina is precipitated with ammonium carbonate, instead of h 
droxide, or if it is precipitated with the latter and subsequently washe 
with a 5 per cent solution of ammonium carbonate, it is obtained quite whi 
and free from chromate. Carbonate ion has displaced chromate ion. 

Generally it will not be possible to wash an amorphous precipitate e1 
tirely free from foreign radicles. As a consequence of this the weight, aft 
drying or igniting the precipitate, may be what it should be from stoichiome 
ric considerations, but it is much more likely to be slightly greater or eve 
less, according to the nature of the foreign radicles in the precipitate. If tl 
latter contains an element or group subsequently to be determined in the ff 
trate, the results obtained for it will be too low. 

Analytical methods for estimating small quantities of soluble material pre 
ent as impurities in insoluble substances which depend upon direct extractic 
with water must be looked upon with suspicion. The results obtained me 
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be quite incorrect owing to obstinate retention of the soluble by the insoluble 
matter. It has recently been shown that alkalies present in precipitated calcium 
carbonate cannot be satisfactorily estimated in this way.® 

_ The amount of any foreign radicles present in a precipitate depends very 
intimately on many factors, which makes the application of any empirical 
correction very uncertain even if great care is taken to carry out the precipi- 
tations always in the same way as far as possible. 

_ The py value of the solution from which the precipitate separates is of 
great importance in determining the amount of adsorption which occurs. 
Aluminium hydroxide has been examined by Euler and Erikson * -in re- 
gard to the amount of various substances it adsorbs or does not adsorb at 
various py values. This hydroxide has been used by Willstatter and Racke *” * 
for adsorbing invertase and other enzymes for which purpose it has proved 
of great value. Its adsorptive capacity depends a great deal on the method 
by which it is prepared.*® 

The difficulty caused by marked adsorption of a readily adsorbed ion can 
sometimes be overcome by a modification of the adsorbent. Thus if phosphoric 
acid has to be determined after separation of tin a low result is obtained 
if the tin is removed as stannic sulphide owing to marked adsorption by the 
latter. Stannous sulphide, however, does not adsorb phosphoric acid ap- 
preciably so that if the tin is reduced by means of zinc and removed. by stan- 
nous sulphide estimation of phosphoric acid in the filtrate gives correct 
results.°® According to Anger and Odinot °®* stannic sulphide carries down 
cobalt and nickel from a hydrochloric acid solution whereas stannous sulphide 
does not. 

Now though the coagulating effect of an electrolyte has to be ascribed 
essentially to either the anion or the cation derived from it, it must be re- 
membered that the other ion of same sign as the colloidal particles has a dis- 
turbing effect which may nullify or even reverse this coagulating effect. The 
first effect may well be neutralization of the colloidal particles, but before 
these have time to coalesce they become changed once more, but in the op- 
posite sense either by direct adsorption of the opposite ion or by loss of its 
partner after preliminary adsorption of the un-ionized molecule. 

From what has been said previously it should follow that this effect 
should be largely dependent upon the electroaffinity of the ion of same sign 
as the original sol particles, and it was actually found that in the case of nega- 
tive gold sols NaOH was much -the least efficient coagulator of the sodium 
salts tried and OH’ was the anion of lowest electroaffinity.°° The stabilizing 
effect of the strongly adsorbed H ion of low electroaffinity is also marked 
in the coagulation of positive ferric hydroxide sols. 

The stabilizing effect of the one ion of the electrolyte may come into 
action even after coagulation of the discharged sol particles and cause disin- 
tegration—peptization—of the precipitate and this occurs readily in the case 
of the hydrated colloids where secondary changes due to rupture of the water 
sheaths either do not occur or only very slowly. In such cases, too, it is 
also found that ions of low electroaffinity are frequently good peptizing agents. 
Thus alumina which is a positive colloid is readily peptized by acids. Of 
course, the peptization also depends to some extent on the colloid and in some 
cases ions of high electroaffinity may be adsorbed as in the peptization of 
silver halides by the corresponding potassium halide owing to adsorption of 
the halogen ions.** The peptization of a gel, such as that of silver chloride, 


*See paper by R. Willstatter, Volume II of this series. J. A. 
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by a solution of KCl owing to adsorption of Cl’ ions, is so remarkably simil 
to the passage of a gel like silver cyanide into true solution in KCN owing | 
addition of CN’ ion that there seems no reason for doubting the comple 
analogy of the two processes. The negatively charged sol particles are 
be regarded as complex ions in which the “neutral part” (in the terminolos 
of Abegg and Bodlander, Joc. cit.) consists, in. this instance, of the origin 
uncharged particle of silver chloride while in the crystalloidal cyanide sol 
tion the complex ion is Ag(CN)*, and its “neutral part” consists of a sing 
molecule of AgCN. But the analogy goes even further, for under suitab 
conditions the colloidal solution of silver chloride in KCl passes into a crysta 
loidal solution containing the complex anion AgCl,’ whilst weak solutions ¢ 
KCN will peptize silver cyanide which forms a colloidal solution owing | 
adsorption of CN’ ions.** 

In striking confirmation of these views is the fact that, correspondin 
to the colloidal solutions of silver halides in Ag NO, in which the sol particle 
are positively charged and owe their stability to adsorbed Ag ions, there a1 
known definite crystalline compounds Ag, Cl NOs, etc., which ionize int 
complex cations Ag, Cl’, etc.® It is probable that the passage into true sol 
tion of a gel under the influence of any electrolyte is, in all cases, precede 
by a stage in which a colloidal solution is formed owing to adsorption ¢ 
one or other ion. This certainly appears to occur when compounds such 
aluminates and zincates are formed by the action of caustic alkalis on metall 
hydroxides, and even when the latter dissolve in acids. Such transitions. hay 
recently been studied in an interesting manner in the case of silicic acid di 
solving in ammonia,®* and of titanic acid dissolving in hydrochloric acid.*** 

According to Thomas and Frieden *®’ the solution forces between tt 
stabilizing agent and the solvent may be of as great or greater importance 1 
keeping a colloid in the sol condition than the repulsive forces between tl 
similarly charged particles. Thomas and Johnson * consider that the mutu: 
precipitation of oppositely charged colloids is largely due to chemical inte 
action between their respective peptizing agents and the mutual destructio 
of these. In special cases this may occur but it would seem that, in the gener 
case, maximum precipitation occurs when the concentration of the opposite 
charged particles in “gram equivalent aggregates per litre” is the same.°** 

In all cases of interaction between two different phases (solid and ga 
solid and liquid, etc.) adsorption probably precedes (ordinary) chemical actio: 
Thus, according to Schilov and co-workers,°® when iron powder was kept : 
contact with a solution of silver nitrate, silver was removed from solution du: 
ing the first 150 minutes to the extent of 3 to 8 per cent without iron passir 
into solution. Once the chemical action started, however, it proceeded vet 
rapidly to completion. 

Many organic colloids are peptizable by pure water, yielding sols contait 
ing either positively or negatively charged particles. Such colloids have 
marked effect in preventing the coagulation of other colloids of similar sig 
to themselves and in that case are called “protective” colloids.* One can su 
pose that the one colloid is neutralized normally by the electrolyte added br 
is at once peptized by the water soluble colloid. That is to say the charge 
protective colloid particle is adsorbed by the neutral particles of the oth 
colloid. Sen °*® has emphasized the view that only ions or charged colloic 
can act as peptizing agents. Neutral molecules, such as sucrose, glycerol « 
egg albumin may effect a stabilization of sols by covering the colloid partic 

* See paper by J. Alexander, this volume, p. 619. J. A. 
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owing to adsorption, but this is only effective in presence of electrolytes. He 
considers that all cases of apparent peptisation by water are, in reality, cases 
of ion peptization. 

_ Such water-soluble colloids—and indeed other colloids too, though not 
in such a marked way—also have a great effect on the precipitation of many 
inorganic compounds. In the presence of protective colloids, compounds, 
which normally separate in coarse crystals, tend to separate in very minute 
crystals, while those normally separating in a fine state of division will separate 
in a flocculent condition and in extreme cases no separation at all occurs. 
These effects are all attributable to the formation in the solution of adsorp- 
tion complexes, or complex ions, between the protective colloid and one or other 
of the ions of the compound being precipitated. This renders precipitation 
of the compound either impossible or at least difficult. It is well known that 
the presence of colloidal organic matter in solution is liable to give trouble 
in many inorganic estimations and that it should always be removed or de- 
stroyed if possible. 

In this connection it should be remembered that colloidal electrolytes, such 
as soaps, have this protective action in a marked degree. The protective action 
pt Eoahe was first noticed by Zsigmondy 7° and has been studied recently by 

redale. 


CoLLom PROPERTIES OF THE FILTER PAPER, SURFACES OF VESSELS, ETC. 


Effects due to the colloid character of the filter paper (or indeed of other 
filtering materials) are sometimes not properly appreciated. The filter paper 
fibers are negative colloids, and when a precipitate which has resulted from the 
coagulation of a positive colloid is filtered through the paper, a sort of double 
decomposition occurs with attachment of the particles of the positive colloid 
to the negative filter paper. If the individual particles are sufficiently small 
this occurs in the pores of the paper, completely blocking them up and making 
filtration extremely slow. This sort of thing happens with aluminium hydrox- 
ide as usually precipitated, and with zinc sulphide when precipitated from 
alkaline solution and indeed is liable to happen with any similar positive 
colloid.7? 

Owing to their large surface, and their colloid character, the fibers readily 
adsorb dissolved substances from solution and also water. This adsorption 
is perhaps mainly due to the simple surface action, but it is partly of the 
more profound kind which occurs when a sol is neutralized by an electro- 
te. It follows that a filter paper may not only remove soluble constituents 
from a solution being passed through it, but it may be extremely difficult to 
wash these out again. Errors can obviously be caused in this way. The 
weight of precipitate obtained after drying or ignition may be too great, 
vhile values found for constituents subsequently estimated in the filtrate may 
ye too low. In extreme cases traces of substances may be entirely removed 
‘rom solution by filter papers and so escape detection, though in suitable cases 
heir removal by such means may be made the basis of a method for separat- 
ng and estimating them. In cases where filter papers are used which are not 
£ the ashless variety, disturbances may be caused by replacement of the 
norganic constituents of the paper, which are probably present in the adsorbed 
ondition, by other substances derived from the solution being filtered. ‘The 
orrection subsequently applied for the ash of the filter may then be wide of 


he mark, 
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Mainly on account of these adsorption effects the size of the filter pape 
used should always bear a reasonable proportion to the amount of precipita 
being filtered. Adsorption of water by filter paper is troublesome in tho: 
cases where a precipitate cannot be ignited but has to be weighed on tl 
filter. It is well known that the amount of moisture held by the paper vari 
considerably with the conditions, and that great care must be taken whe 
working with weighed filter papers in order to get trustworthy results. Othe 
filtering materials also show similar adsorption effects though to a differir 
extentr —* 

It must be remembered that all surfaces, whether crystalline or amorphou 
have some capacity for adsorbing substances either from solution or from tl 
gaseous condition, and the aspect of this matter, which is of most importan 
to the analyst, is the adsorption of moisture from the air. 

It may cause serious errors if suitable precautions are not taken ar 
these are guarded against by such means as (1) never weighing substance 
in larger crucibles, glass vessels, etc., than are essential for the operation - 
hand, (2) where possible igniting substances or at least drying them at « 
high a temperature as possible before weighing, (3) keeping the atmosphe: 
_in which vessels are allowed to cool before weighing and that in which the 
are weighed, in as constant a condition as possible with respect to moisture | 
the use of desiccators and by having some drying agent in the balance cas 
(4) making the complementary weighings (e.g., empty and full crucible) aft 
as short a time interval as possible, (5) where extreme accuracy is needed 
second vessel of similar size and weight is used as a counterpoise and similar 
treated. 

Except in the most refined work it is not as a rule difficult to elimina 
the troubles due to this moisture adsorption, but there are a few notorio 
cases, such as those of ignited alumina and silica which readily retain a1 
take up moisture, where special care is needed. In fact alumina, when su: 
ably prepared and if it has not been heated above about 700°, is such a goc 
absorbent for water vapor that it has been recommended as the best absorbe 
for use in organic combustions.’* Adsorption of gases other than wat 
vapour may cause difficulties in special cases, as in the analysis of fue 
according to Vondracek and Hlavica.7** 

It is probable that the tenacity with which some precipitates, especial 
sulphides and oxides, adhere to the sides of beakers, etc., in which they ha 
been precipitated, is to be accounted for in terms of the mutual precipitati 
of two oppositely charged colloids—the glass in the cases mentioned acting 
the negative colloid. 

The origin of the charge on colloidal particles has been ascribed either 
self-ionization or to ionization of adsorbed water or electrolytes. It is dif 
cult * to imagine that self-ionization can occur with some substances such 
carbon or gold which can be obtained. in colloidal solution, and in such cas 
the charge must originate wholly from the ionization of adsorbed water 
electrolytes or to ion-adsorption (which really amounts to the same thing 
When such adsorbing material is in too massive a condition actually to for 
a colloidal suspension—e.g., gold or silver foil or lumps of charcoal—tt 
process of adsorption and ionization of electrolytes should lead to the simi 
taneous removal of cations and anions from solution in equivalent amout 
and formation of a so-called electrical double layer since the ions liberated | 
the adsorbed electrolyte would have to remain in the immediate vicinity 


* On this question, see paper by I. Langmuir, this volume, p. 525. J. A. 
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the oppositely charged surface. Several studies of this type of process have 
been made recently. 

Odén and Andersson" and Odén and Langelius 7 have shown. that 
really pure charcoal adsorbs equivalent amounts of anion and cation from solu- 
tions of the nitrates of alkali and alkaline earth metals. Euler and Hedelius * 
obtained a similar result for the adsorption of Ag NO, and K Cl by very 
pure finely divided silver. Euler and Zimmerbund 7 have carried out similar 
experiments with finely divided gold and gold foil. In some cases, as for 
instance with salts of strong bases and weak acids in presence of charcoal 
or mineral oil as adsorbents, equivalent adsorption of cation and anion may 
apparently not occur even when the adsorbents are absolutely pure. This is 
because adsorption is accompanied by hydrolysis of the salt and preferential 
adsorption of the acid so formed.”8 

The adsorption effects noticed with ordinary impure adsorbents are fre- 
quently complicated by the impurities present. Thus with ordinary charcoal 
the ash constituents play an important role. The same also applies to filter 
paper. According to Kolthoff*’® the adsorption of acid by filter paper is 
almost entirely determined by the ash and due to chemical interaction be- 
tween the acid and the mineral matter. Ash free paper or cotton wool hardly 
adsorb any acid. Indeed from the experiments of Masters *° the tendency 
seems to be for it to adsorb the base from neutral salts and leave the acid. 

In a somewhat similar way the adsorption effects observed with glass wool 
seem to be largely determined by the alkaline character of this material.** 
Asbestos which has been carefully purified by treatment with acid practically 
does not adsorb positive ions whereas ordinary impure asbestos does and 
cannot safely be used as a filtering medium.*? 

Probably in many other cases 10n adsorption is very largely a process in 
which a sparingly soluble substance contained in the adsorbent (or one strongly 
adsorbed by it) is converted by the adsorbed ion into another sparingly soluble 
substance.** Kolthoff ** has shown that, though ash free filter paper and 
asbestos purified by acid do not adsorb appreciable quantities of lead, its 
adsorption by impure asbestos or filter paper of high ash content can be 
applied to the estimation of lead in drinking water. The solution in which 
lead is to be estimated is treated with a solution of sodium hydroxide con- 
taining carbonate. Most of the lead is precipitated and the rest adsorbed 
during the filtration. It is subsequently removed from the filtering medium 
for colorimetric or other estimation by treatment with acetic acid. Accord- 
ing to Kolthoff *° the ash of the filter paper functions as a permutite in which 
the bivalent cation may be replaced by hydrion or a heavy metal ion. Bases 
with a dissociation constant of not less than 5 & 10°° can be removed almost 
completely from neutral solution by “permutite” which has been suggested as 
a reagent for amines,*° and ammonia.*** Base exchange is only a special case 
of ion exchange which plays such an important part in adsorption phe- 
nomena.*°° 

The adsorption of base and not of acid from solutions of neutral salts by 
pure silica is, according to Joseph and Hancock,” essentially a chemical 
process and due to the formation of complex silicates of low solubility, although 
this view is not accepted by Mukherjee.°™ ; 

[Some color changes consequent upon adsorption are described in a paper 
by Hsien Wu and Daisy Yen Wu, this volume, p. 380. J. A.] 
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Tue SurFACE AREA OF ADSORBING MATERIAL AND THE THICKNESS OF T 
ADSORBED LAYER 


As a knowledge of these matters is of considerable analytical interest tl 
are briefly referred to here. 

A rapid and trustworthy method for determining the surface area of 
adsorbing powder in special cases has been described by Paneth and Vorwerk 
It is a radioactive method in which the distribution of an isotope of the me 
present in the adsorbing powder between powder and solution is determin 
In this way the surface area of lead sulphate was determined by means 
thorium B. 

A knowledge of the surface area of the adsorbent enables one to calcul. 
the thickness of the layer of adsorbed material. Paneth and Vorwerk * ha 
shown that when ponceau-2R is adsorbed by lead sulphate the adsorbed lay 
is one molecule thick. Radioactive methods are undoubtedly of great val 
for the study of adsorption and studies of this character by Brown,®® Cranst 
and Burnett,®* and Cranston and Hutton * may be referred to. 

The adsorption of silver ion by gold and silver foil gave Euler and Rt 
berg °° results which would correspond to an adsorption layer more than o 
molecule thick but which are probably to be interpreted as indicating roug 
ness of the foil surface. On this assumption their results give a measure 
this roughness. It would appear that, in the case of at least some emulsio: 
a layer of the adsorbed material of not more than unimolecular thickness 
formed round the droplets and that if there is not sufficient of the substar 
being adsorbed to produce such a layer the emulsion is not stable.** 

According to Langmuir °° all adsorption is chemical in character and shot 
lead to the formation of an adsorption film not more than one molecule thi 
He showed °° that unimolecular adsorption layers were actually formed wh 
various gases were adsorbed by plane surfaces of glass, mica or platinu 
Carver *" finds that at O° the adsorption of toluene vapor by a plane glass st 
face is generally in agreement with Langmuir’s views. There seems no dou 
however, that when easily liquefiable gases such as CO, or NH; are adsorb 
by such substances as glass fibers the adsorbed layer may be much more th 
one molecule thick unless the gas pressure is exceedingly low.°® McHaf 
and Lenher °** have shown, not only that the adsorption layer may be ma 
molecules thick, but that, for each temperature, there is a definite equilibrit 
pressure corresponding to each thickness of the layer. 

Wo. Ostwald and Izaguirre *® maintain that an adsorption layer need r 
be of unimolecular thickness as a maximum, For the adsorption of colic 
particles the layer must be at least wni-micellar. The same authors ?° co 
sider that adsorption is always that of a solution of the solute—not simply 
the solute.* 


CONSIDERATION OF A Few SELECTED ANALYTICAL METHODS 


Estimation of lead sulphate—Owing to the relatively high solubility 
PbSO, its precipitation is probably entirely due to crystalline growth. T 
solubility is lowered by addition of sufficient sulphuric acid for the full mz 
effect of the SO,” ion to come into play and by washing the precipitate w: 
dilute sulphuric acid followed by dilute alcohol. 


* For evidence of the common occurrence of polymolecular layers see e a 
Harkins, this volume, p. 192. J. A. 5 3 pice de? hs Oi 
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__ Separation of calcium as oxalate —Calcium oxalate has a very small solu- 
bility product and when precipitated from ammoniacal solutions, as frequently 
recommended, often gives trouble by running through the filter paper. This 
is because it has separated under conditions of great insolubility and probably 
by coagulation of a finely divided sol. The C,O,’’ ion is very sensitive to 
hydrogen ions and readily yields the HC,O,’ ion, calcium oxalate therefore 
readily dissolves in dilute acids and even in water dissolves more than might 
be expected owing to the H’ ions present in water. 

_ If therefore the precipitation is carried out in weak acid solution, the solu- 
tion being made ammoniacal at the end of the precipitation, the precipitate 
forms much more slowly and probably entirely owing to crystalline growth 
and no trouble is experienced with the filtration. The precipitate is best 
washed with 2:5 per cent ammonia. When the method of Jarvinen 1° is used 
glittering crystals of calcium oxalate are obtained. 

Precipitation of barium sulphate—lIt seems likely that barium sulphate 
represents a border line case, and that by very carefully regulated slow pre- 
cipitation from hot solutions, the forces of crystallization are just sufficient 
to cause precipitation independently of electrolytic coagulation. As a rule, 
perhaps, the precipitate results from such coagulation, but even then there is a 
marked tendency for the precipitate to undergo secondary changes and become 
denser, either on digestion with the mother liquor, or on standing. These 
secondary changes are not necessarily profound enough to eliminate troubles 
due to adsorption which may be very serious. The precipitation of barium 
sulphate has been very carefully examined largely on account of its impor- 
tance in connection with the estimation of sulphur in iron pyrites. An inter- 
esting account of this work is to be found in Classen’s Ausgewahlte Methoden 
der analytischen Chemie., 1903, Vol. II., pp. 305-318. Heavy metals and 
various acid radicles are readily carried down by the barium sulphate, the 
most important cases practically being those of ferric iron and chlorine. Col- 
loidal solutions of barium sulphate are usually positive due to strong prefer- 
ential adsorption of Ba” ions; and all the experimental evidence supports the 
view that other metals are carried down owing to combination of negative 
complexions such as KSO,’ or Fes(SO,)4” with the positive particles of the 
barium sulphate sol.°* When this occurs low results are obtained for SOu,. 
High results for SO, are, however, obtained when chlorine or similar ions are 
removed from solution by the barium sulphate. In so far as Cl’ ion has com- 
bined with a sol particle owing its positive charge to Ba’’ ions it is quite correct 
to say, as is generally done, that the precipitated barium sulphate has carried 
down barium chloride. The explanation of these processes given by Kolthoff 
and Vogelensang 1°? is really identical with the above though at first sight 
rather different. 

Slow precipitation from hot dilute solution goes a long way towards en-~ 
suring a pure precipitate, but in presence of ferric iron and similar metals, 
the only safe mode of procedure is to separate the metal first as in Lunge’s 
well known method for iron,?°* or the modification proposed by Kuster and 


metic | 208 
Moderate acidity is beneficial in minimizing the adsorption of heavy metals 


by barium sulphate. 

The estimation of barium is less troublesome than that of sulphate though 
both are precipitated as barium sulphate. The excess of sulphuric acid present 
in the one case renders adsorption of ions other than SO,”, more difficult. 

Metallic hydroxide precipitates——All those of importance as a means of 
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separating and estimating a metal are very insoluble and hence, are “amo 
phous,” being formed as a result of electrolytic coagulation. The water th 
contain is much more vaguely and loosely held than that present in crystallit 
hydrates, and often regarded as held merely by adsorption. At the same tin 
there are strong reasons fcr regarding these substances as hydroxides. TI 
case of copper hydroxide is interesting. Copper is sometimes precipitated ; 
that compound, but under the conditions of the usual analytical procedu 
dehydration of the sol occurs simultaneously with or shortly after its coagul, 
tion, with formation of what is essentially copper oxide. After thoroug 
washing and ignition, the weight of oxide obtained is generally only vei 
slightly higher than the theoretical. According to Kohlschittter & Tuscher ’ 
the elimination of water from copper hydroxide is due to amphoteric ioniz 
tion and neutralization of molecular complexes of colloidal dimensions. Th 
apparently indicates that the hydroxide in its acidic and basic forms, acts ; 
its own coagulator, and so has little tendency to be coagulated by and adso: 
foreign ions. If dehydration occurs subsequent to coagulation any foreig 
radicles. present would probably be expelled at the same time. In certain cas 
marked adsorption may occur however. A good quantitative separation « 
copper and zinc, for instance, cannot be obtained by precipitation with exce 
of caustic soda or potash. Although the bulk of the zinc hydroxide dissolv 
in the excess, the copper oxide always retains a little, owing no doubt to 1 
having taken part in the above indicated amphoteric neutralization of tl 
copper hydroxide. Other similar well known cases of separations which a 
unsatisfactory quantitatively but work well enough qualitatively may possib 
be explicable in a similar way. Such cases are the separation of ferric irc 
from aluminium with excess of caustic soda and the separation of ferric irc 
by means of ammonium hydrate in presence of ammonium salts from mat 
ganese, zinc, nickel or cobalt. In some of these cases atmospheric oxidatic 
plays a part.*°° 

It should be mentioned, however, that according to Lundell and Knowles ' 
moderate amounts of iron or aluminium can be separated from mangane 
or nickel by means of ammonium hydroxide as satisfactorily as by the bas 
acetate or barium carbonate processes. All that is necessary is that sufficie 
ammonium chloride should be present, that only enough ammonia is added 
give a py value of 6.5 to 7.5 and that the alkaline solution is not boiled f 
more than one or two minutes. Luff *°S has also studied the separation | 
iron and aluminium from the metals of analytical group IV by means « 
ammonia or pyridine. Under specified conditions one precipitation gives 
satisfactory separation from manganese, but several reprecipitations are need 
with the other metals. The amount of the contaminating oxide which 
carried down by an hydroxide precipitate depends, as. was to be expect 
upon the relative proportions in which the two metals are originally prese 
in solution. Toyokichi Yasni+°® found that when the solution contained Cr,( 
and ZnO in the ratio 1:11 the weight of ZnO found in the precipitate mig 
be one and a half times that of the Cr,O3;. Toporescu 1 states that tf 
amount of CaO or MgO carried down by chromic hydroxide increases wi 
the concentration of calcium or magnesium salt present. It approaches a lin 
corresponding to chromites Cr,O;.3CaO or Cr,03;.3MgO. He says th 
the whole of the CaO can be removed by washing the precipitate on the filt 
with boiling 5 per cent solution of ammonium nitrate, while MgO is best 1 
moved by washing by decantation with the same solution. 

To get the minimum co-precipitation of lime with ferric hydroxide t 
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concentration of calcium salt should be as small as possible and the minimum 

amount of ammonia should be used.1 . 

The nature of the precipitating medium is also of some importance. Thus 
Scheringa? found that ferric hydroxide always carried down zinc when 
precipitated by caustic soda—even if the zinc salt be added after the caustic 
soda. Precipitation with cold 25 per cent ammonia solution gave a complete 
separation, however, if ammonia of the same strength was used to wash the 
precipitate. 

The well-known fact that many hydroxide precipitates gradually become 
less reactive, and less readily soluble in acids, may well be due in part to some 
such process as that outlined for copper hydroxide, though not proceeding 
to such a degree of dehydration as in that case. There seems little doubt at 
-any rate that it is connected with some loss of water either from the sol 
particles or from the gel. 

___ A similar change seems to be the cause of the instability of the solutions 
of many hydroxides (e.g., that of aluminium) in caustic soda, or in ammonia 
(e.g., chromium hydroxide) or even in acids (e.g., the slow hydrolysis of ferric 
chloride solutions) although the type of crystalloidal compound initially 
present in the solution is quite different in the three cases. If the concentra- 
tion and proportion of caustic alkali, ammonia or acid are not excessive, the 
metallic hydroxide molecules formed by hydrolysis gradually unite to form 
highly disperse sol particles which in time coalesce, undergo some dehydration, 
and ultimately separate in a relatively dense and unreactive condition. Accord- 
ing to Fricke and Windhausen 1"** no dehydration occurs but only an increase 
in the size of particles when chromium hydroxide separates from caustic potash 
solutions. 

Gradual loss of water accompanied by decreased reactivity and decreased 
tendency to revert to the sol condition is shown by practically all inorganic 
colloids and is much accelerated and intensified by desiccation. Use is some- 
times made of this fact during analysis as, for instance, in the estimation of 
silica which is always evaporated to dryness before filtration so that it may 
become less soluble (colloidally and otherwise). The phenomena observed are 
somewhat complex and have been studied especially by van Bemmelen. His 
work on silicic acid is to be found in Z. anorg Chem., 1896, 13, 233-356. 

The optimum condition of acidity for the complete precipitation of 
aluminium by ammonia has been studied by Blum,''* who states that [H°] 
should be between 10°*:* and 107°. 

Owing to the very insoluble nature of the amorphous hydroxides it is not 
so easy, as in the case of crystalline precipitates, to precipitate them sufficiently 
slowly to markedly improve their mechanical properties. Sometimes this can 
be done, however, as in a method for iron, recently described,"* which gives a 
dense powdery precipitate of ferric hydroxide which is easily filtered and 
washed and which is of a high order of purity. The reactions involved are 


2Fe’’ + 25,0,” > 2Fe*+ S.,O06”; 2Fe* + 6H,O + 10,’ + 45.0;” 
— 2Fe(OH); + I’ + 25,0,” . 


The ferric solution is neutralized so far as possible and then warmed with 
thiosulphate solution until practically colorless. It is then warmed with twice 
the theoretical quantity of thiosulphate and a slight excess of iodate as calcu- 
lated from the second of the above equations. The volume of solution should 
be about 400 c.c. per 0.2 grm. Fe,O3. It is sufficient to warm it on the water 
bath but the precipitate should be ignited over the blowpipe. 
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A detailed study of various hydrous oxides has been made of recent year: 
by several workers with a view to determine whether there was any clear evi 
dence for the existence of definite hydrates. The evidence is very conflictin; 
so far as the precipitated oxides are concerned. Thus Weiser *® found n 
indications of definite hydrates in the precipitated hydrous ferric or aluminiun 
oxides, although one definite hydrated oxide both of iron and aluminium, pre 
pared by special methods, is known. 

He considers that what differences are found between different prepara 
tions are entirely due to differences in size and hydration (in the adsorptior 
sense) of the constituent particles. He finds the same for hydrous chromi 
oxide #4 and cupric ™? oxide. Willstatter ‘** and several recent writers, of 
the other hand, consider that the differences found between hydrous aluminiun 
and other oxides prepared by various methods indicate that the. preparation: 
do not differ merely in the dispersivity of the hydrogel. Different hydrate: 
appear to be involved in some way. After investigating hydrous cupric oxide 
by several methods, Losana '!® draws conclusions which seem unlikely to be 
correct. He thinks that the existence of no less than five definite hydrate: 
of cupric oxide has been proved, as well as their formule. Tower ''” concludes 
that nickel hydroxide, as ordinarily precipitated, really contains Ni(OH)>. 

Several hydrous. acidic oxides have also been examined recently. Hurtig 
and Kurse?*° found that, on gradually dehydrating the tungstic acids, the 
time-composition curve indicated the existence of a definite hydrate. WO; 
H,O in the case of the yellow acid, while the white acid only gave a smoot 
adsorption curve. Both Weiser 124 and Collins and Wood '*? agree that the 
differences between the various stannic acids are essentially due to variations 
in dispersivity and in content of adsorbed water but Willstatter and others 1?” 
maintain that this is not so and that several definite hydrates exist both in the 
case of stannic and silicic acids. Wood '** could obtain no clear evidence fot 
-the existence of definite hydrates of antimonious oxide. This appeared to be 
largely due to the readiness with which amphoteric neutralization of acidic anc 
basic forms occurred with consequent elimination of water and formation of 
the anhydrous oxide. 

On the whole it may be said that recent physico-chemical work on the 
hydrous oxides extends and confirms the early work of van Bemmelen 1% 
and supports his view that the water in these substances is held essentially by 
adsorption. 

At the same time it must be remembered that they show several peculiarities 
of behavior on dehydration which are not altogether easy to account for. It 
may even be doubted whether a consideration of the dehydration curves, or of 
any other test so far tried, enables a fair decision to be made as to whether 
definite hydrates are present or not in the case of hydrogels where the degre¢ 
of dispersivity is relatively high. Even if there were a definite hydrate in 
any given case the pressure of water vapor in equilibrium with it would be 
higher the smaller the particle. If the hydrogel contained particles of many 
different sizes, as it might well do, its dehydration curve would contain sc 
many small breaks that it would appear as a smooth continuous curve—an 
adsorption curve. The hydrous oxides, both basic and acidic, behave in sc 
many ways as though they contained hydroxyl groups that even in cases where 
we cannot isolate definite hydrates owing to complications due to adsorption 
we should keep an open mind as to the possible existence of definite hydrates 
nevertheless. It must never be forgotten that the colloidal state (both the 
“sol” and “gel’’ condition) is a special intermediate state of matter where 
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ordinary chemical forces are more or less obscured by surface phenomena. 
This intermediate colloidal state may be passed through with greater or less 
rapidity whenever a solid passes into crystalloidal solution or conversely. 
Failure to realize these facts leads people to attempt to explain many phe- 
nomena either in terms of definite compounds or on a purely colloidal basis 
in spite of evidence pointing the other way. Which explanation is nearer the 
truth may sometimes be a question of the experimental conditions being con- 
sidered. Many attempts have been made to explain the solubility of heavy 
metal hydroxides in caustic alkali solutions in terms of colloidal suspensions. 
Under certain conditions the colloidal explanation is probably correct. It 
will depend upon the concentration of the alkali, among other things. Doubt- 
less the statement of Chatterji and Dhar ’”° that the major portion of the 
hydroxides of Al, Cr, Pb, Hg and Cu in NaOH or KOH solutions exists as 
colloid is correct in certain cases. So also, in all probability, is that of Creigh- 
ton **° that none of the blue solutions of cupric hydroxide in alkali exhibit the 
characteristic properties of colloidal solutions, the indications being that 
cuprates are formed. In any case the work of Miller and co-workers 177 on 
the system CuO — NaOH — H,O has shown that a definite sodium cuprate 
can actually be crystallized from aqueous solution. 

Dhar and Sen *** want to explain all alkaline blue cupric solutions in terms 
of peptized negatively charged cupric hydroxide, while Sen and Dhar ?”° 
attribute the non-precipitation of the hydroxides of Fe, Hg, Co, Cu, Ni, Mn, 
Cd, Th and Ce by alkali hydroxide in presence of various carbohydrates such 
as sucrose, dextrose, starch or glycerol entirely to colloidal effects (pep- 
tization ). eat 

The age of the solution, especially when the concentration of alkali is 
relatively small, is of great importance. Owing to hydrolysis there will be a 
tendency for cuprates and similar compounds to slowly decompose and give 
a colloidal suspension of a denser form of the hydroxide than was originally 
dis:olved as has already been pointed out above. 

The sulphides of analytical groups II and IV present several features 
which recall those found among hydroxide precipitates. They are so insoluble 
that their precipitation is essentially a colloidal process and they adsorb large 
quantities of water. This tends to result in bulky gels built up of aggregates 
of very smail particles. The water content of the precipitates is variable and 
loosely he:d, which accounts for the difference in views as to whether they are 
hydrated sulphides or hydrosulphides or even partly hydroxides and hydro- 
sulphides. Possibly all these compounds may be present in different cases 
and under different circumstances. The tendency to lose water—and perhaps 
H.S too—seems to be even more marked among the sulphides than among the 
hydroxides, and with this is connected the remarkable difficulty with which the 
sulphides of cobalt, nickel and, to a less extent, zinc and other metals dissolve 
in acids although very little acid will prevent their formation in the first in- 
stance. Amphoteric neutralization similar to that discussed in the case of the 
hydroxides may well take place with the sulphides too and be partly responsible 
for the readiness with which some of the group II sulphides, notably that ot 
copper, carry down from acid solution sulphides of group IV metals such 
as zinc. 

This view is not necessarily opposed to the statement of Kolthoff and van 
Dijk 1° that the carrying down of zinc by cupric sulphide is a time phenomenon 
and that if the cupric sulphide is precipitated rapidly it carries down less zinc 
than when it is precipitated slowly. 
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It is to be noted that zinc sulphide occupies much the same position among 
the sulphides as aluminium hydroxide among the hydroxides, with regard to 
the trouble it gives in filtering and washing. The reason is likewise that the 
individual particles of the gel are ordinarily very small and highly hydrated. 
The trouble can be overcome by precipitation from slightly acid solutions when 
the slightly greater solubility permits the formation of a coarser, denser, pre- 
cipitate. The acidity must not be too great, otherwise precipitation would be 
incomplete. These difficulties have been overcome in several ways, as for 
instance in the very good method of Riban1**! where the precipitation is 
effected from a dithionic acid solution. According to Fales and Ware *” 
|H-] should be between 10° and 10° for the formation of a satisfactory 
precipitate. 

Bornemann '** states that the precipitation of zinc sulphide in a dense form 
is greatly facilitated by co-precipitation with another colloid, especially sulphur. 
This is carried out by passing a brisk current of H.S through an acetic or 
chloracetic acid solution in presence of NaHSO;. The dense precipitate ob- 
tained is washed on the filter with 05 — 10% NH,NOs. 

Perhaps it need scarcely be mentioned that just as many hydroxides and 
sulphides gradually become less readily soluble and less reactive in course of 
time, so also does their tendency to be readily peptized diminish. The tendency 
of some sulphide precipitates to pass through the filter paper during washing 
which is usually ascribed to atmospheric oxidation and is prevented by wash- 
ing with H.S water seems to be partly a colloidal phenomenon and can be 
largely prevented by the use of ammonium nitrate instead of H,S—which is 
of course also a weak electrolyte. 

It must be remembered that dissolved hydrogen sulphide has a marked 
stabilizing effect on pure sulphide sols both in aqueous and non-aqueous 
media.*** In the presence of electrolytes this protective action is not always 
observed.**® Thus hydrogen sulphide renders arsenious or mercuric sulphide 
sols more stable against coagulation by salts of univalent cations but less stable 
towards salts of cations of higher valency. Cupric sulphide sols on the other 
hand are more easily coagulated by salts in presence of HS no matter what 
the valency of the cation. Solutions of alkali sulphides tend to stabilize all 
three of the above mentioned sulphides against precipitation by salts of mono-, 
di-, or tri-valent cations but as alkali hydroxides do the same the effect may 
be mainly due to the hydroxyl ions present owing to hydrolysis. 

When arsenic is estimated as As.S, after precipitation with H.S it is usual 
to remove the excess of H;S by a current of CO, before filtration. This is 
done partly to eliminate possible trouble owing to the above mentioned tend- 
ency for H,S to cause retention of As.S; in the sol condition, 


SEPARATION AND ESTIMATION OF SOME ORGANIC COLLOIDS 


Organic colloids as a rule are not so readily precipitated from solution 
as are inorganic sols. Their estimation has frequently great biochemical and 
technical importance and methods are used for precipitating them which are 
similar to those used for coagulating inorganic sols. Precipitation by means 
of electrolytes or by a colloid of opposite sign are almost invariably used. 
Probably a majority of chemists are now satisfied that many, if not all, of 
these precipitations are essentially chemical in nature, although the precipi- 
tates formed lack that definitiveness of composition characteristic of classical 
chemical compounds. 
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_Tannin.—This in solution carries a negative charge and is practically always 
estimated by some method involving precipitation by means of a colloid of 
opposite sign. The standard method is to adsorb the tannin under certain 
specified conditions by means of hide powder. After Procter’s work on the 
subject there can be little doubt that real chemical combination occurs between 
the tannin and the hide powder. Other positive colloids have also been used 
in place of hide powder, such as:—fat-free casein,’ nickel hydroxide,’*” 
aluminium hydroxide.*8 

The acidity of the solution is of great importance for the mutual precipi- 
tation of tannin by gelatin 1° or by hide substance.#° For gallotannic acid 
the optimum acidity corresponds to py 4.4—4.6 but there is a definite opti- 
mum py value for each sort of tannin and if the acidity is not adjusted to 
near this value a precipitate may fail to form. Under the optimum conditions 
tannin can be detected by means of gelatin at dilutions as high as 1 in 100,000 
to 200,000. Gelatin can be completely precipitated by tannin under the opti- 
mum conditions when the ratio of tannin to gelatin is not less than 2: 1. 

Proteins and related compounds.—The estimation of these is of funda- 
mental importance for physiological and pathological chemistry, but is also of 
great difficulty. Some of these bodies (e.g., albumin) are coagulated by heat, 
others by this reagent and others by that. The difficulty, however, is that such 
differences as exist are none too sharp, since the chemical gradation of the 
compounds in question is too gradual. Moreover, the presence of one com- 
pound may lead to the co-precipitation of another under conditions where it 
would not have been precipitated if present alone. Such behavior recalls the 
similar cases discussed when dealing with the precipitation of metallic hydrox- 
ides and sulphides. In spite of the difficulties the analytical knowledge of 
the proteins and similar bodies is far advanced as the result of much laborious 
work. Precipitation of protein, etc., can be effected by means of other colloids 
such as dialyzed ferric hydroxide (Michaelis and Rona) or aluminium hy- 
droxide jelly,‘*t while basic lead acetate should probably come in this class 
also. Owing to the amphoteric nature of the proteins it is probable that 
precipitation can be brought about by either positive or negative colloids under 
suitable conditions. These colloidal precipitants are not very discriminating, 
however, and where it is necessary to separate various classes of proteins and 
related compounds, the precipitation is generally affected by means of electro- 
lytes. Temperature and concentration are of course important as in all such 
cases. So many precipitating re-agents have been recommended for this or 
that substance that it is hard to know which is best. Most acids can be used, 
and many have been, from the common inorganic ones, or others like phospho- 
tungstic acid, to organic ones such as trichloracetic or sulphosalicylic. Various 
neutral salts may also be employed either ordinary ones such as (NH4)2SO, 
or CaCl,, or less common ones such as uranium acetate. 

In some cases the precipitating action appears to be specific, but in most 
cases various proteins may be precipitated by the same reagent, although a 
different concentration and temperature may be required in each case. 
Whether the mechanism of the coagulation is the same in all cases may be 
doubted, for several causes may be operative. A comparatively high concen- 
tration of the precipitant is often required, so it may well be that, in the forma- 
tion of the coagulum, neutralization of the charged sol particles and their 
coalescence, is followed by dehydration of the gel, as discussed by Procter in 
connection with gelatine.‘*? Considerable amounts of the precipitating agent 
are carried down by the coagulum in many cases, and are difficult to remove 
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by washing. As some proteins are soluble in (peptized by) salt solutions. 
and others readily soluble in acids, the actual technique of protein separations 
and estimations becomes very troublesome. A paper by Cullen and var 
Slyke “4° may be referred to to illustrate the methods used when dealing with 
a complex substance like blood plasma. 

The hydrogen ion concentration plays a very important part in all work 
with proteins. Attention has been drawn to this recently by Bogue,'** whe 
shows that salt precipitations of gelatin should be made at a hydrogen ion 
concentration corresponding to the isoelectric point if the maximum precipita- 
tion is to be obtained. The conditions of acidity under which precipitations 
of protein are effected are of course important in blood analyses.**° 

The various coagula obtained by precipitating proteins with different rea- 
gents may adsorb non-colloidal compounds which have to be subsequently 
estimated in the filtrate. The extent and nature of this adsorption may depend 
on the method or reagent used for precipitating the proteins. [Examination 
of protein precipitation from this point of view is therefore of some impor- 
tance. Some work of this character has already been published.'*® 

Alkaloids —There is a good deal of similarity between the precipitation of 
alkaloids by some of the general alkaloidal reagents and the precipitation of 
proteins by the same reagents. According to Heiduschka and Wolf +“ the 
precipitates obtained with silicotungstic acid and dilute solutions of alkaloids 
are colloidal in character. On addition of electrolytes or, in some cases, on 
standing, flocculation occurs and the precipitates can be filtered. Under 
specified conditions these precipitates appear to correspond to one of two 
distinct and definite types of compound according to the alkaloid con- 
cerned, though with other alkaloids the compounds are more complex and less 
definite. 

Phosphotungstic acid behaves in a similar way. In cases where the pre- 
cipitates are only slightly altered by washing with 0.1 per cent sodium chloride 
solution the alkaloids can, in the absence of protein, be estimated by titrating 
with NaOH the silicotungstic acid left in the filtrate. 

Starch can be quantitatively precipitated by means of iodine.1#8 The sensi- 
tiveness of the starch iodine reaction has been examined recently by Kolt- 
hoff.1*8 It is well known that not only starch and iodine but also salts, 
especially KI, are involved in the formation of the blue substance.%° The 
precise mechanism of the reaction is still obscure, but it would appear that 
the negatively charged starch particles first take up positive ions, and that the 
aggregates so formed adsorb iodine.**! 

However, Euler and Myrback *? have come to the conclusion that starch 
alone can take up iodine in absence of iodide or other electrolytes (other than 
any which may be present adsorbed in the starch). They consider that there 
is evidence for the formation of two definite compounds of starch and iodine. 
Experiments by Firth and Watson 1°* confirm the fact that iodide is not neces- 
sary for the formation of the blue starch iodine complex but they also show 
that the sensitiveness of the reaction is greatly increased by the presence of 
iodide. A starch solution containing 4 grms. starch and 0.348 grm. KI per 
litre will detect iodine in N/20000 solution. It is highly probable than under 
ordinary analytical conditions both iodine and iodide ions (or I,’ ions) are 
involved in the reaction. Mylius °* showed that the blue precipitate, obtained 
by adding starch to a solution of iodine and hydriodic acid containing sul- 
phuric acid, contained both iodine and hydriodic acid. When iodine alone is 
added to starch sufficient iodide ions are formed by hydrolysis and reduction 
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(by the starch) to account for adsorption of iodine and formation of the blue 
coniplex, 154 


MiscELLANEOUS 


_ Use of colored adsorption products as indicators of the end point in titra- 
ttons.—The blue starch-iodine complex is an example of this type of indicator. 
Other interesting examples have been described by Fajans and Hassel,+°° who 
found that silver halide sols cause characteristic color changes in very weak 
solutions of the alkali salts of fluorescein and its halogen substitution products 
when excess of silver ion is present. So long as halogen ions are present in 
the solution particles of silver halides tend to be negatively charged owing to 
adsorption of halogen ions. When more silver ion has been added than is 
required to combine with all the halogen ion, reversal of sign of the silver 
halide particles occurs owing to adsorption of silver ion. The positive sol 
particles so formed then adsorb the dye anion. This causes a color change, 
which under appropriate conditions may be sharp enough to show correctly 
the end point of the titration. Chlorides can be so titrated in presence of 
: | A 
300000 Molar. 


molar eosin can serve 


fluorescein, the concentration of which should be about 


1 
30000 
as an indicator in the titration of iodides, the end point being shown by the 
appearance of a violet color. In a mixture of iodide and chloride, titration in 
presence of eosin will give the iodide alone, while the sum of the two halogen 
ions can be obtained with fluorescein as indicator. 

Colloidal matter in soils:—The study of the colloids present in soils plays 
an increasing part in agricultural analysis. Many attempts have been made 
to estimate the amount of the amorphous or colloidal matter present by de- 
terminations of the adsorptive power of the soils for certain dyes. It is not 
as a rule a question of any absolute determinations being possible, but compara- 
tive results of a kind can be obtained, though possible disturbing effects on the 
dyes themselves by traces of electrolytes present must be borne in mind, as 
pointed out by Oryng.**® 

A method for determining the colloidal matter present in soils, which are 
more or less free from organic matter, has been developed by Moore, Fry and 
Middleton, which gives approximately absolute values. After shaking the 
soil with water, settling and centrifuging, the resulting opalescent liquid was 
filtered through Pasteur-Chamberland tubes. The “ultra clay” collected on 
the tubes was washed and dried at 110° and consisted essentially of hydrated 
aluminium silicate. By comparing the amount of dry NH, adsorbed by the 
dried “ultra clay” with that adsorbed by the soil the percentage of “ultra clay” 
present in the soil was obtained. The result so obtained was similar to that 
deduced from a comparison of the amounts of malachite green adsorbed from 
ammonium oxalate solution by the “ultra clay” and soil respectively. The 
acidity in soils appears to be largely associated with the colloidal clay fac- 
Or a , 

Attempts to distinguish so-called soluble or amorphous silica from other 
forms have long been made in soil and clay analyses and many different solu- 
tions and methods have been put forward for the purpose. They all give 
different results, however, and none of them are trustworthy.%* The fact of 
the matter is that most soils and clays, after treatment with acids, contain 


reddish color shows the end point in this case. 
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various transition stages between quartz and colloidal silica. The differences 
in reactivity of these made use of in the attempt to separate them, are of 
degree only and not of kind, so that the results obtained must depend most 
intimately on concentration, temperature, time of contact with the extracting 
solution, etc., and no complete separation can be possible. 

The estimation of the colloidal organic matter or “humus” present in soils 
presents several features of interest and seems to have been put on a pretty 
sound basis. Reference may be made to two interesting papers on the subject 
by Beam.4®® The soil is first treated with hydrochloric acid to remove car- 
bonates, etc., and is then washed with either CO, water-or 0.5 per cent hydro- 
chloric acid so as to avoid complete flocculation of the clay. The humus is 
then dissolved—peptized—in ammonia and a small amount of clay, which is 
also peptized, precipitated by means of ammonium carbonate. The filtrate is 
then evaporated and the residue of humus weighed. 

The cementing action of organic colloids tends to make the results of 
mechanical analyses of peaty soils of little value. Robinson *°° shows that this 
can be overcome by heating the soil with hydrogen peroxide. 

Stannic acid plays an interesting part in two cases of analytical importance 
which may be mentioned here. In the well known Purple of Cassius test it 
has been shown ** that the purple precipitate results from the co-precipitation 
of sols of gold and stannic acid. The mixed gel is easily peptized by ammonia 
with formation of a red colloidal solution. 

The second case is that of a method which is sometimes used for removing 
phosphoric acid from solution either with metallic tin and nitric acid or with 
stannic acid gel.°? Whichever method of working is used, about 40 times 
as much SnQO, is required as there is P.O; to remove, and the process may 
certainly be classed as adsorptive. The process has been modified recently by 
Gattermann and Schindhelm,*** who showed that a freshly prepared cold solu- 
tion of stannic chloride is an excellent agent for removing phosphoric acid 
from solution. On boiling, a precipitate, closely approximating to stannic 
phosphate in composition, is thrown down in a form which is easily filtered 
while only one gram of SnO, is required to remove half a gram of P2Os. 
There seems good reason to regard the precipitate formed in this way as a 
definite compound, and it is a good instance of the closeness with which the 
phenomena of adsorption and of ordinary chemical combination are linked 
together. 

Supposed influence of colloidal silicic acid on permanganate titrations — 
Schwarz and Rolfes '%* stated that if colloidal silicic acid were used in 
conjunction with the usual MnSO,, H;PO, mixture, perfect results could be 
obtained in the titration of ferrous iron in hydrochloric acid solution using 
permanganate solution standardized by any of the usual methods. This state- 
ment led to a lengthy controversy between Schwarz **> and Brandt.16 
Brandt*™ has now published experiments which show that the addition of pure 
silicic acid sols prepared from SiCl, has no inhibiting action on the liberation 
of small amounts of free chlorine in side reactions and no influence on the 
results obtained in titrating ferrous chloride with potassium permanganate 
either in presence or absence of manganese sulphate. Commercial water glass 
contains oxidizable impurities which tend to cause erratic results when the 
effect of silicic acid from that source is examined. 

Effect of colloidal matter on titrations involving ferric thiocyanate indica- 
tor.—The presence of colloidal matter is liable to cause an uncertain endpoint 
in titrations of chlorides by Volhard’s method.1** The electrometric method 
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gives satisfactory results in such cases.1°*” The thiocyanate method of deter- 
mining soil acidity also suffers from a similar disturbance '°7¢ which is due 
to the ready hydrolysis of ferric thiocyanate and adsorption of the resulting 
ferric hydroxide by the colloidal water present. 

Radium is liable to be adsorbed by silica unless free acid is present in con- 
siderable amount. This may be of importance when estimating the radium 
present in rocks.*** Radium and other radioactive substances can actually be 
concentrated by utilizing this adsorption by silicic acid gel.1® It is to be 
noted *"° that the co-precipitation of radium sulphate with barium sulphate is 
essentially an adsorption process in many cases for, owing to the small con- 
centration, the solubility product of radium sulphate will frequently not be 
reached. Germann‘ has shown that this adsorption follows the same laws 
that hold for much stronger solutions even when the solution being experi- 
mented with contained only 22.79  10°1° grm. radium per c.c. 

The molybdenum blue reaction in which a solution of molybdic acid be- 
comes blue on treatment with stannous chloride (or other reducing agents 
such as mercurous nitrate or metallic zinc) is, according to Feigl +’? a colloidal 
phenomenon. He considers that the blue color is due to a derivative of 
Mo(OH);, possibly its molybdate, in a colloidal form and finds support for 
this opinion in the fact that the best conditions for the formation of the 
blue color are, a low acidity, absence of neutral salts and a low temperature. 
However, the correctness of this view may perhaps be doubted especially as 
the blue substance dissolves readily in amyl alcohol. 

The sudden clearing of a solution as the end point of a titration has been 
indicated by Sacher '** in the case of the titration of lead by ammonium molyb- 
date. Colloidal lead molybdate causes a turbidity so long as the reaction is 
incomplete, but there is a sudden clearance at the end point. As a matter of 
fact, this kind of behavior is frequently observed to some degree during pre- 
cipitations, and some well marked instances of it are well known, as for 
example that of silver iodide.’ ; 

Electrical precipitation of aqueous colloidal solutions does not appear to 
have been applied quantitatively, but it has been used for the analysis of 
smokes by means of a modified Cottrell precipitator by Tolman, Reyerson, 
Brooks and Smyth.*7° 

Drinker, Thomson and Fitchett 17° have discussed the theory of high ten- 
sion electric precipitation, in connection with the construction and operation 
of small precipitators for the quantitative determination of smokes, fumes 

sts 1n alr. 
Beni: is coming into use for the purification of colloids. A 
simple apparatus for the purpose has been described by Fuchs and Housig **% 
while the electrolytic purification of precipitates such as aluminium hydroxide 
from acidic impurities has been suggested by Charriou.‘’°? Quantitative 
separation of proteins from serum can be conveniently effected by electro- 
dialysis according to Wernicke.*7°° , 

Colorimetry and nephelometry.—Increasing analytical use is being made 
of methods where colloidal solutions of highly colored or colorless compounds 
are intentionally produced and the amount of substance in suspension then 
determined either colorimetrically or nephelometrically. Protective colloids 
may be added, if necessary, in order to keep the substance, which is being esti- 
mated, in suspension. Well known examples of such methods are the 
colorimetric method for determining traces of lead as sulphide or the nephelo- 
metric method for determining traces of chloride as silver chloride. A history 
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of this method and the development of instruments is given by Kober and 
Graves,'"** while some of the essential conditions of illumination, etc., which 
must be observed have been discussed by Lednicky 177 and Kleinmann.*7* A 
new type of nephelometer has been described by Kingslake.'"*” The nephelom- 
etry of colored hydrosols has been dealt with by Bechhold and Hebler *™ 
while the same authors have described the preparation and properties of a 
standard turbidity and sol of barium sulphate"? They have examined nephe- 
lometrically the connection between the turbidity and the size of the suspended 
particles.18° For suspensions containing the same amount of barium sulphate 
but of varying degrees of dispersion the turbidity increases from 2.5 4 down- 
wards. The maximum turbidity is reached with particles of about 800 ww for 
white light. Further reduction of the size of particles caused the turbidity to 
decrease strongly.* 

When a colored colloid is formed in a reaction its actual color may vary 
considerably owing to differences in the degree of dispersion quite apart from 
any ordinary chemical differences. Differences in the color changes passed 
through in the tyrosinase reaction (production of melanin) are accounted. for 
in this way by Haehn.*** + 

Use of protective colloids in analytical chemistry—The presence of col- 
loidal organic matter may seriously interfere with ordinary gravimetric 
analyses owing to the protective action of the colloid keeping precipitates in 
suspension. With other types of quantitative methods this protective action 
is not necessarily disadvantageous and may in fact be useful, as already men- 
tioned under the heading Colorimetry and Nephelometry. In some volumetric 
methods involving precipitation it may also be advantageous to prevent actual 
coagulation of the precipitate. This is the case when titrating iodides with 
silver nitrate on account of the marked adsorption of iodide or silver nitrate 
by coagulated silver iodide. The addition of gum arabic **? or starch 1®* has 
been recommended for the purpose of keeping the silver iodide in suspension. 

The protective action of organic colloids is not likely to interfere with 
electrometric titrations. Treadwell, Jarrett and Blumenthal '** have shown 
that AgNO, — NaCl can be titrated electrometrically in presence of a pro- 
tective colloid such as gelatin without appreciable loss of sharpness at the end 
point. [rom the titration curve it was calculated that the solubility of the 
colloidal silver chloride was about 2 x 10° milligram mols. per litre which is 
about twice the solubility of ordinary silver chloride. The colloidal chloride 
was not found to introduce any error through adsorption of Cl’ or Ag” ions 
though such errors were observed in the titration of silver with a soluble 
sulphide. 

Differentiation between colloidal and non-colloidal forms of the same 
substance present in admixture.—Various colloidal preparations are nowadays 
of technical and, more especially, of pharmaceutical importance. It may at 
times be necessary to distinguish between colloidal and non-colloidal forms of 
a substance in such materials. Gutbier, Huber and Kuppinger *®° have pub- 
lished a method for estimating ionic silver in preparations of colloidal silver. 
It depends on the fact that the protected colloidal silver is coagulated by 
methyl alcohol. The coagulum is liable to carry down silver ion by adsorp- 
tion, however. For this reason the ionic silver is converted into a complex ion 


* Consider also the color variations of iron oxide and of lead chromate with degree of dispersion. 


+ In the determination of albumin in urine by opalescence, turbidity, cloud or nephelometric 
methods, such factors as protectors, pr, electrolyte concentration, etc., may seriously affect the size 
of the dispersed particles and hence the accuracy of the work. J. A. 
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before the coagulation by methyl alcohol, and this is best done by addition of 
excess of ammonium carbonate. After removal of the coagulated silver, any 
silver remaining in solution is titrated by Volhard’s method. Lottermoser 2° 
has described a sedimentation method and an optical, method, both of which 
give approximately the same results for the technical estimation of the col- 
loidal part of tungsten powder. Diénert and Wandenbulcke 187 have shown 
that the colorimetric molybdic method permits of the differentiation of colloidal 
and non-colloidal silica. The latter is the form which normally occurs in 
waters. 

Influence of colloids on overvoltage—It is well known that the presence 
of small amounts of organic colloids, such as gelatin or gum arabic, in the 
electrolyte sometimes exerts a favorable influence on the character of electro- 
lytic deposits of metals. Use is sometimes made of this technically, but, so 
far as the writer is aware, colloidal additions are not ever made in any of 
the electrolytic methods of analysis. When such additions are made organic 
colloidal matter is apt to be deposited along with the metal which would of 
course be bad for analytical purposes. 

The effects produced by such colloid additions are probably due to the 
formation of complex ions between the sol particles and the metal ions or the 
hydrogen ions also present. The effect of gelatin on the discharge potential 
of hydrogen has been investigated by Izgaryschev and Berkmann.88 With 
increase in the gelatin concentration, the discharge potential rises to a maxi- 
mum and then falls. In small amounts at least, the presence of gelatin thus 
renders the liberation of hydrogen more difficult. Indications were also ob- 
tained of the formation of complexes between gelatin and zinc ions.1° [ven 
sucrose appears to form complexes with zinc ‘*° and this is of some interest 
in view of the fact that sugar is often added to keep lead sulphide in suspen- 
sion when traces of lead are estimated colorimetrically. Sugar also appears 
to exercise a definite peptizing effect on colloidal gold.1®* Silver ions and 
gelatin also form complexes according to Audubert,’*? who found by E.M.F. 
measurements that the concentration of silver ions was reduced on addition 
of gelatin to a solution of silver nitrate. 

Indicators *** are liable to be removed from solution owing to adsorption 
by any fiber or precipitate present. Difficulty is seldom or ever likely to be 
experienced from this cause, however. Very serious trouble of another kind 
may, however, be encountered when using indicators which themselves have 
colloidal properties. This type of indicator, of which congo red is one of the 
best known, is usually colloidal in the sense of forming alkali salts which are 
colloidal electrolytes and yield colloidal negative ions. The color changes 
shown by such indicators can be explained in purely colloidal terms, for the 
color will depend on the dispersion of the sol, which itself depends on the 
hydrogen ion concentration. Thus congo red in acid solution forms larger 
particles than in alkaline solution and is blue, in conformity with Ostwald’s 
rule that increase in the size of particles shifts the color towards the blue end 
of the spectrum. Similarly neutral salts also tend to give the blue color and 
this effect increases with the valency of the cation, in agreement with Schulze’s 
rule. With Ba(OH), the color remains blue since the influence of the Ba” 
ion is greater than that of the OH’. In presence of other colloids congo red 
may yield results which are absolutely erroneous. [mulsoids such as casein, 
gelatin, eic., exert a protective action and tend to prevent the formation of 
larger particles and the color change to blue. Most indicators are effected to 
some extent by organic colloids, especially by proteins, those of a relatively 
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simple structure being as a rule least affected. Owing to this action indicators 
which are to be used in presence of proteins, as in much physiological work, 
must be carefully selected from among those having little tendency to become 
colloidal and showing little or no “protein error.” The “protein error” must 
be supposed to be due to a disturbance of the normal indicator equilibria owing 
to the formation of a proportion of colloidal indicator under the influence of 
the protein or alternatively to the formation of a colloidal salt or adsorption 
complex of protein and indicator. Only in extreme cases could the simple 
colloidal explanation given above for congo red by Weigner *** be considered 
adequate. It must not be supposed that the generally accepted ionic theory 
of indicators can be dispensed with, though it is clear that the colloidal be- 
havior of the indicator may have to be considered. In certain cases this may 
be even more important than the ionic behavior. 

Ultrafiltration by means of collodion membrane filters has been worked 
out as an analytical operation by Zsigmondy and co-workers,’®® and appears 
to be useful in some cases, as in blood analysis.1°® * The process should at any 
rate be of service in studying the mechanism of precipitation. Thus it was 
found 197 necessary to wait 24 hours before filtering a colloidal solution of 
barium sulphate, to allow of complete precipitation from the supersaturated 
solution. This indicates that the usual precautions observed in estimating 
barium sulphate are not alone required for allowing the particles of the pre- 
cipitate time to grow to such a size as not to pass through the filter paper. 

Fricke and Klempt *°* have described a simple method of preparing ultra 
filters with cellulose acetate. 
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Membrane Filters and Their Uses 


RicHARD ZSIGMONDY, PH.D., DR. ING. H.c., 


Professor of Physical Chemistry, Gottingen University * 


A long-needed desideratum is a filter permitting rapid filtration, whos 
pore-size is intermediate between that of the slow-acting clay filters and col 
lodion ultra-filters. In collaboration with Dr. W. Bachmann I have produce 
such filters and they have surpassed all expectations; for not only do the 
permit rapid filtration, but they can be prepared in a wide variety of pore 
sizes, so that they may be used for a large number of purposes. The ney 
filters we call Membrane Filters, and their chief characteristics are the fol 
lowing : 

(1) The filters are parchment-like, smooth and white, have polished sut 
faces, and are impermeable to all ordinary analytical precipitates ; the coarse 
ones retain all microscopic particles, the finer ones retain ultramicrons as wel 

(2) Tested bacteria filters positively retain bacteria, and are furthermor 
not proliferated by bacteria.’ 

(3) The smooth surface of the filter permits of a thorough removal o 
precipitates, as 1f from glazed paper, so that the filters may be successfull 
used in quantitative analysis.* 

The filters are now being made in quantity,* and have been widely use 
in Germany, but are still so little known elsewhere that a description of ther 
is not out of place here. They are made of nitro-cellulose, like collodio 
ultrafilters, but unlike these, may be dried without losing their porosity. The 
are about 0.2-0.3 mm. thick, reasonably strong, are easily handled, and may bh 
used in a variety of apparatus. 

Membrane filters are made by a patented process, by pouring out o 
plates solutions of nitrocellulose in two appropriate solvents, e.g., aceton 
and glacial acetic acid, and then drying in a stream of air of predetermine 
moisture content; the amount of moisture in the air controls the size of tt 
pores. The surface energy and the eddies due to it, act like a loom produ 
ing a fabric, but no man-made mechanism can produce such an ultramicr« 
scopically fine structure. This natural “machine” can be set to do finer c 
coarser work, just as we can control the size of stitches in a sewing machin 
and even although we do not know exactly its exact mechanism. 


Apparatus 


__ In preparing chemical substances and in analytical chemistry the Zsigmond 

filtration apparatus ° is preferably used; this consists of a glass funnel, 

large porcelain perforated filter plate, on which is placed a glass ring. Large. 

and smaller units and similar apparatus may be used.’ i 
* Translated by Gertrude E. Alexander, B.L. 
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For bacteriological use the apparatus is preferably made of bronze to 
facilitate sterilization by steam. Various sizes are made.’ 

With very impervious filters and with difficultly filterable colloidal solu- 
tions it is necessary to use high pressure to secure filtration. Apparatus that 
will stand a pressure of 100 atmospheres (1500 pounds per sq. in.), and 
which has given good results in my laboratory, are made by Sartorius-Overke, 
in Goettingen.’ Furthermore, there are various other kinds of apparatus for 
filtration under pressure while being stirred by electric power; these have 
given good results in my laboratory with albumin, serum and dye filtrations, 
for they permit the colloidally dissolved material to be speedily and completely 
separated. 

For clarifying water, a small immersion apparatus § is most suitable, as I 
have also found out by experiment. 


Testing Membrane Filters 


Membrane filters may be tested in several ways: we may determine the 
speed of filtration of 100 cc. of water against a vacuum, using an instrument 
of the first type with a filter surface of 80 square centimeters. Coarse pored 
filters allow 100 cc. to pass in 1 to 5 seconds, medium pored in from 10 to 30 
seconds, fine pored in from 35 to 100 seconds, while with the finest pored 
filters it takes still longer. 

To find imperfections and to estimate the maximum pore size of filters to 
be used for bacteriological purposes, air under pressure is used. This method, 
first developed by Bechhold, detects imperfections with certainty, and permits 
of an approximate estimation of the pore size.2 As Meyeringh has shown,? 
filters which do not permit the passage of air-bells, under a pressure of 
4 atmospheres are impervious to bacteria. Their maximum pore size is under 
0:75. U. 

Veaieee filters may also be used for the approximate estimation of the 
size of colloid particles, but must first be gauged with gold or graphite hydro- 
sols of known particle size. In gauging it is necessary to reduce as far as 
possible the adsorption of the gold particles by the filter, by protecting the 
gold hydrosol® (e.g., AuF) by traces of alkali or gum arabic.** Once the 
pore size of the filter is approximately known, we may estimate the particle 
size of other hydrosols, even if their particles ’® cannot be made ultramicro- 
scopically visible. 


Application in Analytical Chemistry 


As previously stated, precipitates may be quantitatively removed from 
membrane filters, like a powder from glazed paper. In colloboration with 
G. Jander a method was developed,* which, when one gets the knack, is of 
great advantage in analytical chemistry, because gelatinous precipitates which 
readily pass through filter paper, are completely held back by membrane filters. 
Furthermore, membrane filters save time in that filtration and the washing of 
precipitates can be done in less time and with less fluid than by usual methods. 
Jander * and his pupils have worked out a series of applications, also suitable 
for quick multiple analyses. 
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Application to Bacteriology and Water-clarification 


Membrane filters have found many applications in bacteriology, medicine, 
serology, etc.1 Thus as Ficker '? has shown, bacteria are readily separated 
from their toxins, much better than with the filter candles commonly used. 
H. Citron #8 reports the demonstration of tuberculosis bacilli. 

The previously mentioned work of Meyeringh is of the utmost importance 
in the filtration of drinking water; he proved that filtration through a tested 
membrane filter completely removes pathogenic bacteria, and that the bacteria 
cannot grow through the filter. [This may not apply to “filter-passers’’— 
see Vol. II. J. A.] 

With the aid of the immersion apparatus above referred to, I have myself 
tested numerous waters and have found that many natural waters, especially 
swamp waters, and also brook and river water, and in fewer cases the tap 
water of cities, contain very variable amounts of slimy material, which clings 
to the surface of the membrane filter, covering it with a film very difficult 
to pass. These filters can therefore be used advantageously to test water 
for heretofore unsuspected slimes, as I have shown in one of my communica- 
tions.14 The same may also be said of my new apparatus for water purifica- 
tion,’ and this gives a method of removing slimes from water so that rapid 
filtration for clarifying drinking water is possible. 

From these brief remarks on membrane filters, it may be seen not only 
that this new filter material has manifold uses, but also that these uses have 
been found. It is to be hoped that they will have the widespread use that is 
warranted by their quality; and they are so little known outside of Germany 
only because conditions there make impossible the expense of widespread 
propaganda. 
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Acetylene Tetrabromide, 2 
Acidoid Theory, 494 
Acids, Static Friction of, 296 
Active Groups in Molecules, 536 
Adhesion, 207 
Adhesion, Probability of, 306 
Adhesion, Probability of, 314 
Adsorbent, 575 
Adsorption, 575 
Adsorption, 79, 216, 220, 221, 643 
Adsorption Affimity, 581 
Adsorption in Analysis, 924, 925 
Adsorption from Electrolyte Mixtures, 611 
Adsorption, Exchange, 494 
Adsorption by Filters, 831 
Adsorption of Gases, Heat of, 458 
Adsorption of Gases by Metals, 707 
Adsorption of Ions, Effect of Light on, 369 
Adsorption Isotherm, 575 
Adsorption Isotherms of, 576 
Ammonia on Meerchaum 
Ammonia on Carbon 
Argon on Carbon 
Aqueous Bromine on Blood Charcoal 
Aqueous Jsoamyl Alcohol on Charcoal 
Aqueous Phenol on Blood Charcoal 
Aqueous Succinic Acid on Blood Char- 
coal 
Aqueous Benzoic Acid on Blood Char- 
coal 
Aaueous Picric Acid on Silk 
Carbon Dioxide on Carbon 
Adsorption, Oriented, 494 
Adsorption by Precipitates, 600 
Adsorption, Polar and Apolar, 485 
Adsorption, Retrogression of, 597 
Adsorption, Sensitization to, 614 
Aerosols, 280, 393, 418, 424 
Aerosols, Flocculation of, 410 
Aerosols, Formation of, 393 
Aerosols in Industry, 412 
Aerosols, Motion in, 403 
Aerosols, Protection of, 408 
Aerosols, Recovery of, 413 
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Aerosols, Stability of, 407 

Agar Gels, Diffusion in, 790 

Agar Jelly, Endosmosis with, 484 
Agar Jelly, Phases in, 129 

Agar, Heat of Swelling, 462 

Agar, Viscosity of, 749 

Agates, 788 

Ageing, Effect on Viscosity, 749 
Aggregates, 80 

Aggregation Methods, 20 
Aggregation, Reversibility of, 898 
Aggregation in Sulphur Sols, 360 
Aggregation, Time of, 894 
Aggregators, 86, 92 

Agriculture, 901 

Albite, 103 

Albumin, 626 

Albumin, Dielectric Constant of, 510 
Albumin, Viscosity of, 749 
Albumoses, Separation of, 833 
Alcohol as Coagulant, 916 
Alcoholic-aqueous dispersions, 98 
Alcohols, Molecular Moments of, 205 
Alcohols, Static Friction of, 295 
Alkaloids, Estimation of, 934 
Allocolloidism, 625, 626 

Alloys, 266, 626 

Alpha Rays, 104 

Alumina (Fibrous), Adsorption by, 629 
Aluminium, Estimation of, 928 
Aluminium Hydroxide, 648, 660 
Aluminium Hydroxide, Colloidal, 88 
Aluminium Hydroxide Sol, Coagulation of, 


Aluminium Hydroxide Sol, Viscosity of, 
749 

Aluminium Nitrate, 97 

Aluminium Oxide, Charge of, 482 

Aluminium Oxide, Grinding of, 649 

Aluminium Oxide, Heat of Wetting, 451 

Aluminium Sulphate, 97 

Amber, Dielectric Constant of, 511 

De a Bodies, Rendering Visible, 
8 


Amicroscopic Viruses, 834 

Amines, Molecular Moments of, 205 
Ammonia, Adsorption of, 576 
Ammonia, Heat of Adsorption, 458, 459 
Ammonium Chloride, 98 
Ammonium Nitrate, 98 

Ammonium Thiocyanate, 98 
Amotons’ Law, 280, 291, 292 
Amorphorization Point, 104 
Amorphous Precipitates, 929 
Amorphous State, 103 


962 INDEX TO 


Amorphous Theory, Error of, 647 

Amyl Cyanobenzalaminocinnamate, 119, 122 

Analytical Chemistry, 910 

Analytical Filters, 945 

Analytical Methods, 926 © 

Anaphylactic Shock, 622 

Anaphylaxis, 622 

Anchor Ice, 438 

Angle of Contact, 252 

Anhydrous Soaps, 138 

Aniline, 216, 229 

Aniline Blue Sol, Dielectric Constant of, 
508 


Anions, Adsorption of, 595 
Anions, Adsorption of, by Barium Sulfate, 
601 


Anisole, 229 P 

enter ons Liquids, Light Scattering in, 
350 

Antigen, Protection against, 621 

Antimonite, 660 

Antimony Hydride, 589 

Antimony Pentoxide, Endosmosis of, 483 

Apolar Adsorption, 485 

Arago’s Point, 433 

Argon, Adsorption of, 576 

Arsenic, Estimation of, 932 

Arsenic Sulfide, Coagulation of, 915 

Arsenic Sulfide Sol, 829 

Arsenic Trisulfide, Dielectric Constant of, 
508 

Arsenic Trisulfide Sol, 613 

Arsenious Sulfide, Adsorption by, 616 

Arsenious Sulfide Sols, Precipitation of, 
606 


Arsenobenzene, Conductivity of, 570 

Arsenious Sulfide Sol, Coagulation Heat 
of, 465 

Asphalt Solutions, Viscosity of, 721 

Assimilation, 785 

Assymmetrical Dichloro-acetone, 229 

Astronomy, 444 

Atmosphere, Layers of, 425 

Atmospheric Nucleation, 420 

Atomic Hydrogen, 712 

Attraction Intensity, 640 

Attraction Pressure, 640 

Aurora Borealis, 449 

Aurum Potabile, 620 

Autoprotection, vent: 

Aventurine glasses, 

Avogardro number, ins, 272, 307, 480 

Azomethine, 767, 768 


Babinet’s Point, 433 

Bacteriological Filters, 946 
Bacteriophage, 834 

Bag Filters, 415 

Baking, 626 

Banded Precipitates, 783, 790, 802, 805 
Barium Carbonate, Heat of Wetting, 451 
Barium Carbonate Precipitate, 893 
Barium, Estimation of, 927 
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Barium Ion, Adsorption. of, 616 

Barium Sulfate, 660, 801 

Barium Sulfate, Adsorption by, 600, 601 

Barium Sulfate, Charge of, 482 

Barium Sulphate, Colloidal, 87, 89, 90 

Barium Sulfate, Heat of Wetting, 451 

Barium Sulfate Precipitate, Particle Size 
in, 888 

Barium Sulphate, Precipitated, 39, 40 

Becquerel Rays, Effects of, 695 

Beer, Gas Adsorption by, 635 

Benningsen’s, van, Bottle; 883 

Benzaldehyde, 229 

Benzene, 216, 223, 224, 230 

Benzene, Electro-osmosis of, 834 

Benzene, Heat of Adsorption, 459 

Benzene Rings, Disubstituted, 106 

Benzene-Soap Solution, 245 

Benzene-Water System, 219 

Benzoic Acid, Adsorption of, 576 

Benzol—see Benzene 

Benzopurpurin, Color Changes of, 380 

Benzopurpurin Sol, Dielectric Constant 
of, 508 

Beryllium Oxide, Endosmosis of, 483 

Bethe-Toropoff Phenomenon, 834 

Binary Mixtures, Opalescence of, 337, 338 

Birefringence, 118, 129 

Bishop’s Ring, 429 

Bismon, 829 

Bismuth Oxide Sol, 829 

Blast Furnace Dust, 415 

Blood Charcoal, Endosmosis with, 484 

Blood, Dielectric Constant of, 510 

Blood, Gas Adsorption by, 634 

Blue Color of Sea, 3 

Blue Grotto, 350 

Blue Rock-salt, 695 

Bohr’s Theory, 529 

Boltzmann Principle, 323, 330, 343 

Bone Formation, 788 

Bonnsdorf’s Method, 649 

Boric Acid, Charge of, 482 

Bottles, Use of Colored, 368 

Bread, 626 

Bredig-Svedberg Method, 99 

Brewster's Point, 

Bromine, Adsorption of, 576 

Bromoform, Association of, 285 

10-Bromphenanthrene-6-sulphonic acid, 105 

Brownian Motion, 21, 166, 172, 276, 402, 
783, 911 

Motion, Amplitude of, 14 

Movement, 306 

Movement in Aerosols, 405 

Movement in Coagulation, 313, 


Brownian 

Brownian 

Brownian 

Brownian 
315 


Brownian Movement of optical axes, 117 
Buffers, 498 

Buffering Action of Colloids, 274 

Burton & Bishop’s Rules, 607 

Butyl Alcohol, 229 

Butyric Acid, 24 

Butyric Acid, 229 


INDEX EO “SUBJECTS 963 


aus Acid, Molecular Dimensions of, 
fiage Acid, Molecular Surface Energy, 
Butyronitrile, 229 


Rada Alcosol, Dielectric Constant of, 


Cadmium Chloride, Electrolysis of, 689 
Caesium Carbonate, 98 

Caesium Chloride, Electrolysis of, 682 
Calcium Chloride, 97 

Calcium, Estimation of, 927 

Calcium Iodide, 98 

Calcium Sulfate, Heat of Wetting, 451 
Calcium Sulfate, Surface Energy of, 638 
Calcium Thiocyanate, 97 

Calculi, Urinary, 588 

Camphorated Water, Spreading on, 231 
Camphorylphenylthiosemicarbazide, 625, 


Capillaries in Gels, 763 

Capillary Active Substance, 592 

Capillary Electrometer, 690 

Capillary Height Method, 246 

Capillary Phenomena, 640 

Caramel, Molecular Wt. of, 286 

Carbon, Adsorption by, 586 

_ Carbon Bisulfide, 216 

Carbon Bisulfide, Electro-osmosis of, 481 

Carbon Dioxide, Adsorption of, 576 

oe Dioxide, Heat of Adsorption of, 
458 

Carbon Dioxide, Solubility of in Organic 
Solvents, 756 

Carbon Disulfide, Heat of Adsorption, 459 

Carbon Monoxide, Adsorption of by 
Platinum, 714 

Carbon Tetrachloride, 216, 223, 224, 230 

Carbon Tetrachloride, Heat of Adsorption, 
459 

Carborundum, Charge of, 482 

Casein, 829 

Casein, Dielectric Constant of, 512 

Casein, Gold Number of, 621 

Casein Sol, 132 

Cassius, Purple of, 619 

Castor Oil, Static Friction of, 296 

Catalysis, 641, 680 

Catalysts, Gas Adsorption by Metallic, 715 

Catalytic Action, 265, 592 

Catalytic Action, 592 

Cataphoresis, 471, 472, 474 

Cations, Adsorption of, 595 

Cellulose, Charge of, 482 

Cellulose, Dielectric Constant of, 512 

Cellulose Ester Sols, Viscosity of, 748 

Cellulose, Heat of Swelling, 462 

Cement Powder, 412 

Centipoise, 727 

Centrifugal Formulae, 638, 639 

Centrifugal Methods, 838 

Centrifugal Settling, 170 


Ceric Hydroxide Sol, 749 

Cetyl Sulfonic Acid, 143 

Chalcocite, 660 

Challenger Expedition, 902 

Charcoal, Heat of Adsorption by, 462 
Charcoal, Heat of Wetting, 451 
eee Heats of Vapors Adsorbed by, 
Charo Influence of,.on Gas Evolution, 


Charges at Colloid Surfaces, 263 
Charges on electrolytic gases, 175 
Chemical Analysis, 910 

Chloracetic Acids, 579 

Chloride Ion, Adsorption of, 617 
Chlorobenzene, 223, 224, 230 
Chloroform, 216, 229 

Chloroform, Association of, 285 
Chloroform, Heat of Adsorption, 459 
Chloroform, Electro-osmosis of, 481 
Chromic Chloride, Charge of, 482 
Chromic Oxide, Adsorption by, 611 
Cholesterine benzoate, 119 
Cholesterine Caprate, 104 
Cholesterine chloride, 120 
Cholesterine myristate, 108 
Cholesterine salts, 119 
Cholesterine Stearate, 109 
Cholesteric type, 114, 119 
Chromates, 793, 794 

Chromium, Estimation of, 929 
Clapeyron Equation, 196, 215 
Clarifying Water, 946 
Clausius-Mosotti formula, 507 
Clay, Colloidal, 935 

Clays, 861 

Clean Faces, 290 

Cloud, Iridescent, 429 

Clouds, 25, 393 

Clouds, Defined, 412 

Clouds, Stability of, 407 
Coagulation, 593, 672, 893 
Coagulation as an Autocatalytic Process, 


Coagulation by Electrolytes, 921 

Coagulation Figures, 594 

Coagulation, Heat of, 463 

Coagulation, Mechanism of, 306 

Coagulation, Theory of, 915 

Coagulation, Time of, 308 

Coalescence in Settling, 860 

Cobaltammines, 596 

Cobalt Catalysts, 715 

Cobalt Chloride, 660 

Cobalt Salts, Coagulation by, 596 

Cobaltic Complexes, 570 

Coefficient, dispersity, 51 

Coehn’s Law, 514 

Cohesion, 207 

Cohesion, 265 

Collargol, 829 

Colloid Formation, Influence of Adsorp- 
tion on, 592 

Colloid Mill, 281 
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Colloid State, Universality of, 29 

Colloidal Electrolytes, 912 

Colloidal Gold, Synthesis of, 84 

Colloidal Ice, 435 

Colloidal Micells, 516 

Colloidal Particles, Size and Mass of, 165 

Colloidal Precipitation, 674 

Colloidal Protection, 619 

Collidal Selenium, 84 

Colloidal Solutions, Synthesis of, 83 

Colloidal Solutions, Viscosity of, 738 

Colloidal Water, 435 

Colloidality, Zone of Maximum, 19, 20, 21 

Collodion, Endosmosis with, 484 

Colloidons, 424 

Colloids, Buffering Action of, 274° 

Colloids, Effects of on Crystals, 588 

Colloids as Electrolytes, 492 

Colloids, Influence of Gas Solubility, 634 

Colloids, Mechanical Synthesis of, 659 

Colloids, Molecular Complexity of, 286 

Colloids, Thermal Chemistry of, 450 

Colloids, Types of, 733 

Colored Glasses, 693 

Coss Light, Effects of on Suspensions, 
§ 


oo Solutions, Effect of Emulsoids on 
80 


Colorimetry, 937 

Colorimetry, Protein Error in, 392 

Colors, Adsorption by, 381 

Colors, Adsorption of, 381 

Comet’s Tails, 445 

Compression at Surfaces, 452 

Concentration, Effect on 
Value, 316 

Condénsation on Nuclei, 425 

Condensation Nuclei, 397 

Condensation Temperature, 400 

Conductivity of Gels, 775 

Conductivity in Sols, 363 

Congo Red, Osmotic Pressure of, 521 

Conic Structures, 108, 111, 119 

Consistency, 727 

Contact, Angle of, 252 

Continuity of Gaseous and Liquid State, 18 

Copper Catalysts, 715, 71 

Copper Chromate, 804 

Copper Crystals in Gels, 799 

Copper, Estimation of, 928 

Copper Oxide, Charge of, 481 

Copper Sol, Coagulation of, 312 

Coronas, 428 

Coronium, 444 

Cosmic Clouds, 449 

Cotton, Heat of Swelling, 462 

Cotton, Ultramicroscopic Picture of, 630 

Cottrell Process, 416 

Coulomb’s Law, 529 

Cream, Dielectric Constant of, 510 

Critical Opalescence, 348 

Critical Potential for Sols, 321 

Critical State, Opalescence at, 323 

Crystal Form & Surface Energy, 244 


Flocculation 


Crystal Growth, 266 

Crystalline Form, 103, 105 

Crystalline State, 103 

Crystallization Capacity, 626 

Crystallization of Gels, 776 

Crystallization, Influence of Colloids on, 
273, 624 

Crystallization Pressure, 41 

Crystallization, Process of, 28 

Crystallization, Resistance to, 29 

Crystallization Water, Effect of Grinding 
on, 

Crystals, 265 

Crystals, colloidal, 83 

Crystals, Effect of Colloids on, 588 

Crystals of Gelatin, 761 

Crystals, Orientation caused by, 112, 17 

Cumulative Protection, 625 

Cuprous Oxide, 805 

Curd Fibers in Soap, 138 

Cyanobenzal, 119, 120 

Cyclic Compounds, Static Friction of, 296 

p-Cymene, 229 


Dark Field Illumination, 815 

Debye-Hiickel Theory, 528 

Debye-Scherrer-Hull Method, 77 

Debye’s Theory, 514, 529 

Decane, 230 

Deformation of Molecules, 528 

Degree of Hydration, 916 

Dehydration Curves, 648 

Be in nematic substances, 116, 

Dendritic Crystals, 588 

Dense Media, Light Scattering by, 343 

Density of Liquids, 328 

De-salting Effect, 836 

Deuteralbumoses, 829 

Deutero-albumose, Gold Number of, 621 

Dextrin, 829 

Dextrin, Dielectric Constant of, 512 

Dextrin, Gold Number of, 621 

Dextrin, Heat of Wetting, 451 

Devitrification, 625 

Dialysis, 784- 

Dialysis, Ultrafiltration, 832 

Diaphragms, 483 

Diaspore, 660 

Dibenzoyl 1-cystine, 625 

Dibenzoylcystine, 767-768 

Dibenzoylcystine Gel, 759 

Dielectric. Constant, 507 

Dielectric Constant, see also Specific In- 
ductive Capacity 

Dielectric Constant & Association, 284 

Differential Ultrafiltration, 833 

Diffusion, 796 

Diffusion in Aerosols, 406 

Diffusion Apparatus, 851 

Diffusion Constants, 851 

Diffusion in Gels, 775 

Diffusion in Jellies, 130, 783, 790 
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‘Diffusion Methods, 838 

Diffusion in Silica Gels, 798 

Di-iso-amyl, 230 

Di-isobutyl Amine, 229 

5-dimethylaminoanilino-3-4-diphenylcyclo- 
1-2 dione, 625 

Dimethylethylcarbinol, Association of, 285 

Diphenylamine, Association of, 285 

Diphtheria Toxin, 829 

- Diphtheria Toxin, 833 

Dipropylamine, 229 

Direction of Orientation, 207 

Dispergators, 86, 92 

Dispersity Coefficient, 51 

Dispersoids, 573 

Dispersoids, Types of, 733 

Despersion, Degree of in Aerosols, 401 

is greats in Aerosols, Determination of, 


Dispersion Methods, 20 
‘Dispersoidal Parasitism, 94 
Dissociation of Vapors, 282 
Dissociation Tendency, 495 
Distribution of Particle Size in Sols, 850 
Donnan Equilibrium, 522, 556, 773 
Donnan Potential, 499 

Donnan Theory, 499 

Double Layer, 362 

Double layer, Electrical, 472, 480 
Double Refraction in Sols, 918 
Dough, 626 

_ Drop in Surface Tension, 268 
Drop Weight, Corrections for, 257 
Drop Weight Method, 252 
Droplets, 175, 176 

Dry Batteries, 802 

Dry Colloids, Dielectric Constants of, 512 
Drying, Extreme, 283 

Dupin’s Cycloid, 109, 110 

Dupin’s Cycloids, 121 

Dust Explosions, 417 

Dust, Removal of, 344 

Dust, Thermal Deposition of, 407 
Dusts, Defined, 412 

Dusts, Harmful, 413 

Dye Sols, Viscosity of, 749 
Dyeing, Nature of, 566 ¢ 

Dyes, 24 

Dyes, Dielectric Constants of, 512 
Dynamic Allotropy, 283 
Dysentery Toxin, 833 


Ebonite, Dielectric Constant of, 511 
Edema, Malignant, 833 

Egg Albumin, 23 

Egg Albumin, Gold Number of, 621 

Egg Albumin, Grinding of, 664 

Egg Albumin, Molecular Weight of, 286 
Egg Albumin and the Phase Rule, 134 
Egg White, Dielectric Constant of, 510 
Egg White, Dielectric Constant of, 512 
Egg White, Effect of on Congo Red, 385 
Egg Yolk, Dielectric Constant of, 510 


Electric Charge of Smoke & Cloud Parti- 
cles, 409 

Electric Dispersion, 689 

Electric Field, Action of on,Nematic Sub- 
stances, 117 

Electric Phenomena, 471 

Electrical Double Layer, 472 

Electrical Moments of Molecules, 204 

Electrical Precipitation, 937 

Electro-capillary Phenomena, 690 

Electro-dialysis, 937 

Electro-endosmosis, 471 

Electro-Kinetic Phenomena, 471 

Electro-Kinetic Processes, 596 

Electroids, 573 

Electrolysis, Fog in, 681 

pare Mixtures, Adsorption from, 


Electrolyte Mixtures, Adsorption of, 611 

Electrolytes, Adsorption of, 584 

Electrolytes, Colloids as, 492 

Electrolytic Gases, Charges on, 175 

Electromagnetic Environment, 198 

Electromagnetic Theory of Surface, 199 

Electrons, 11, 14 

Electron Configurations, 526 

Electron, Defined, 174 

Electron, Measuring, 174 

Electro-osmosis, 834 

Electrophoresis, 474 

Electrosols of Pt., 678 

Electrostatic Precipitation of Aerosols, 416 

Electro-ultrafiltration, 820 

Electro-ultrafiltration, 834 

Electro-viscous Effect in Sols, 319 

Embolism, 621 

Empatage, in Soap, 155 

Emulsoids, Effect of on Colored Solutions, 
380 ( 

Endosmosis, 471 

Energy Relations at Surfaces, 260 

Engler Viscosimeter, 729 

Entropy Maximum, 326 

Entropy-Probability Principle, 323, 330 

Entropy of Surfaces, 197 

Entropy of Vaporization, 198 

Eotv6s constant, 198 

Eotvos formula, 455 

Equilibrium, Donnan, 499 

Ether, Heat of Adsorption, 459 

Ethers, Molecular Moments of, 205 

Ethyl Acetate, 223, 224 

Ethyl Alcohol, 223, 224, 229 

Ethyl Alcohol, Association of, 285 

Ethyl Alcohol, Electro-osmosis of, 481 

Ethyl Alcohol, Heat of Adsorption, 459 

Ethyl Bromide, Heat of Adsorption, 459 

Ethyl Capronate, 229 

Ethyl Carbonate, 229 

Ethyl Chloride, Heat of Adsorption, 459 

Ethyl Ether, 216, 223, 224, 229 

Ethyl Iodide, 216 

Ethyl Iodide, Heat of Adsorption, 459 

Ethyl Iso-valerate, 229 
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Ethyl Nonylate, 229 
Ethyl para-azoxybenzoate, 107, 109, 110, 
iat, 


Ethyl para- sae pga LOZ leper 
Ethylene Bromide, 

Ethylidene Laake o16 
Ethylpropyl-Ketone, 229 

Eucolloidality, 26 

Euglobulin, 742 

Exchange Adsorption, 494, 585 

Explosion of Dust, 40 

External Friction, 288 


Falling Bodies, Potential of, 471 

Faraday’s Law, 691 

Fehling Test, 805 

Ferric Chloride, 97 

Ferric Hydroxide, 648 

Ferric Hydroxide, Endosmosis with, 484 

Ferric Hydroxide Sol, 560, 750 

Ferric Hydroxide Sol, Coagulation Heat 
of, 463, 466, 467 

Ferric Hydroxide Sol, Dielectric Constant 
of, 508 

Ferric Hydroxide Sols, Precipitation of, 
606 


Ferric Oxide, 704 

Ferric Oxide, Grinding of, 651 
Ferric Oxide, Heat of, Wetting, 451 
Fibrillar Theory of Gels, 778 
Fibrous Alumina, 628 

Fick’s Law, 783 

Fifth Change, in Soap, 156 
Film, definition of, 228 

Filter Paper in Analysis, 923 
Filters, Adsorption by, 831 
Filters, Membrane, 944 
Filtration, 919 

Filtration of Aerosols, 414 
First Change, in Soap, 155 
Fitting Soap, 156 

Floating Drops, 263 
Flocculation, 564, 672 
Flocculation of Aerosols, 410 
Flocculation Value of Sols, 316 
Flour, 626 

Fluidity, 720, 727 

Fluids, Density of, 328 
Fluorspar, Blue, 695 

Foam Producers, 276 

Focal Conics, 109 

Focal Domains, 108 

Focal Groups, 107 

Fog, 438 

Formic Acid, 229 

Formic Acid, Association of, 285 
Fourth Change, in Soap, 156 
Frazil Ice, 437 

Free Surface Energy, 195 
Friction, 288 

Friction, Formal for, 303 
Frost, 440 

Fuller’s Earth, 793 


Galaxy, 447 

Galena, 660 

Gall Stones, 588 

Gamboge Suspensions, 369 

Gas Masks, 582 

Gaseous Ions, 396 

Gases, 17 

Gases, Adsorption of, by Metals, 707 

Gases Adsorbed by Pt. Sol, 679 

Gases, Light Scattering by, 341 

Gases, Solubility of, 634 

Gases, Viscosity of, 18 

Geer’s de, Theory, 903 

Gelatin, 751 

Gelatin, Charge of, 482 

Gelatin. Crystals of, 761 

Gelatin, Dielectric Constant of, 510 

Gelatin, Diffusion in, 784, 786 

Gelatin, dry, Dielectric Constant of,512 

Gelatin, Gold Number of, 621 

Gelatin, Heat of Swelling, 461 

Gelatin, Influence of Salts on, 26, 762 

Gelatin Jellies, 759, 760 

Gelatin, Molecular Weight of, 759 

Gelatin, Osmotic Pressure of, 523 

Gelatin Sol, 829 

Gelatin, Swelling of, 26 

Gelatin & Tannin, 933 

Gelatin, Thermal Relations of, 468 

Gelatin, Viscosity of, 750, 26 

Gelatin Sol, Viscosity, Shear Curves of, 
744 

Gelator, Defined, 767 

Gelatose, 801 

Gels, 796 

Gels, Classification of, 768 

Gels, Defined, 763 

Gels, Drying of, 771 

Gels, Imbibition of, 771 

Gels, Microscopic Work on, 769 

Gels, Phases of, 771 

Gels, Physical Properties of, 772 

Gels, Preparation of, 768 

Gels, Production of, 768 

Gels, Reactions in, 796 

Gels, Replacing Solvents in, 771 

Gel Structure, 767 

Gels, Structure- Theories, 778 

Gels, Ultramicroscopic Work on, 770 

Gels, Variation in, 779 

Gels, X-ray Examination Ot eAd ll 

Gel-Sol Change, 751 

Gems, Colors of, 703 

Geology, 796, 901 

Giant Ions, 492 

Gibbs’ Adsorption Equation, 217, 578 

Sn) Equation, Harkins’ modification of, 
41 

Gibbs’ Law, Failure of, 273 

Gibbs-Thomsen Theorem, 641 

Gilding Ultramicrons, 172 

Glacier Water, 437 

Glass, 625 

Glass, Adsorption by, 575 
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Glasses, Colored, 693 

Glasses, Coloring of, 683 

' Glasses, Dielectric Constants of, 511 
Gliadin, 626 

_ Globospherites, 16 

Globulin, 626, 833 

Globulin, Viscosity of, 750 

Globulites, 16 

Globulitic Stage, 16 

Glucose, Use of in Grinding, 660 

Glue, Gold Number of, 621 

Glutenin, 626 

Glycoprotein, Gold Number of, 621 

Glycyrrhizic Acid, 759 

Goethite, 651 

Gold, 660 

Gold Alcosol, Dielectric Constant of, 508 

Gold, Colloidal, 84 

Gold Number, 620, 621 

Gold Sol, 829 

Gold Sols, Centrifugal Analysis of, 849 

Golgi’s Stain, 786 

Gouy’s Theory, 489 

Graining of Soap, 155 

Grainless Emulsion, 623 

Grandjean’s Planes, 120, 121, 123 

Granule, Micellular, 517 

Gravitation Fall of Small Particles, 167 

Grinding, Effects of, 280 

Grinding, Effect of on Hydrates, 647 

Grinding, at Low Temperatures, 663, 667 

Grinding, Production of Colloids by, 659 

Grown Alumina, 627 

Gum Arabic, Effect of on Colors, 387 

Gum Arabic, Gold Number of, 621 

Gum Arabic, Molecular Wt., 286 

Gum Tragacanth, Gold Number of, 621 

Gutta Percha, Dielectric Constant of, 511 

Gypsum, Solubility of, 639 


Haemocytometer for counting Colloidal 
Particles, 170 

Hair, Heat of Swelling, 462 

Halides, Molecular Moments of, 206 

Halite, 695 

Halley’s Comet, 445 

Halos, 429, 439 

Hard Soap, 158 

Harkins’ Law of Surface Formation, 196 

Harmful Dusts, 413 

Hatschek, E., 738, 740, 742 

Hatiy, law of, 102 

Haze Cutting, 432 

Heat of Coagulation, 463 

Heat of Compression, 459 

Heat of Desorption for Gases, 719 

Heat of Liquefaction, 458 

Heat of Swelling, 461 

Heat of Wetting, 450 

Heat of Wetting, Equation for, 457 

Heaviside Layer, 449 

Helium, Surface Tension of, 201 

Helmholz Double Layer, 362, 472 


Hemoglobin, 829 

Henry’s Law, 634, 635 

Heptaldehyde, 229 

Heptane, Cohesion & Adhesion of, 213 
Heptine, 229 

Heptoic Acid as Lubricant, 301 

Heptylic Acid, 229 

SaaS Acid, Cohesion & Adhesion of, 


Heterogensity, 127, 128 

Heteropolar Adsorbents, 585 

Hexane, 216, 230 ’ 

Histidin, 833 

Hofmeister Series, 571, 553 

Hofmeister Series in Coagulation, 320 

Hofmeister-Spiro Series, 642 

Homeotropism, 107, 115 

Homogeneity, 127, 128 

Homogeneous Areas, 107° 

Homogeneous Distribution, 
from, 327 

Hooke’s Law, 288, 723 

Hooke’s Law in Films, 238, 239 

Hydrates, 97 

Hydrates, Effect of Grinding on, 647 

Hydration, 916 

Hydrogen, Atomic, 712 

Hydrogen Bromide, Heat of Adsorption 
of, 458 

ger Chloride, Heat of Adsorption 
ot, 

Hydrogen, Heat of Adsorption of, 458. 

ee Iodide, Heat, of Adsorption of, 


Hydrogen Ion, 934 

Hydrogen Jon Concentration (Influence 
of Precipitation on), 609 

Hydrogen Ion Concentration and Surface 
Tension, 243 

Hydrophobe, 642 

Hydroxides, Estimation of, 927 


Deviations 


Iceberg Ice, 436 

Ice Cream, 624 

Ice-formation in Gels, 775 

Immersion Ultramicroscope, 817 

Immunity, 621 

ee Effect of on Crystallization, 
88 


Impurities, Effect on Spreading, 231 
Indicators, 935 

Indicators, Adsorption of, 939 

Ink, printers’, Dielectric Constant of, 512 
Interatomic Forces, 526 

Interfacial Tension, Detn. of, 244 
Interfacial Tension by Capillary Height 


Method, 249 

Interfacial Tension by Drop Weight 
Method, 258 

Intergranular Liquid, Conductivity 


Changes in, 363 
Intermolecular Forces, 526 
Internal Friction, 288 
Iodine, Adsorption of, 583 
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Todine, Complexes with, 570 
Iodized Milk, Conductivity of, 570 
Todo-starch, 383 
Ion Adsorption, Influence of Light on, 369 
Ion Concentration, 518 
Ton, Defined, 174 
Ionic Molecules, 528 
Tonic Series, 642 
Tonoids, 573 
Ions, Effect of on Gamboge & Mastic 
Suspensions, 370 
Ions in Gases, 396 
Iridescent Cloud, 429 
Tron, Estimation of, 928 
Iron Catalysts, 715 
Iron Glance, 660 
Iron Hydroxides, 648 
Iron Oxide Sol, 829 
(See Iron Hydroxide), 833 
Iron, Pyrophoric, 26 
Irregular Series of Coagulation, 676 
Isinglass, Gold Number of, 621 
Iso-amyl Alcohol, 229 
Iso-amyl Alcohol, Adsorption of, 576 
Iso-amyl Alcohol, Association of, 285 
Iso-amyl Butyrate, 229 
Iso-amyl Chloride, 229 
Iso-amyl Nitrate, 229 
Iso-butyl Alcohol, 216 
Iso-butyl Alcohol, 229 
Iso-butyl Chloride, 229 
Isocolloids, 510 
Isoelectric Point, 483, 498 
Isotherm, Adsorption, 575 
Isotherm of Freundlich, 374 
Isotropic Soap Solutions, 140 
Iso-valeric Acid, 229 
Iso-valeronitrile, 229 


Jellies (see also Gels) 
Jellies, Classes of, 81 
Jellies, Diffusion in, 783, 790 
Jellies, Formation of, 78 
Jellies, Properties of, 751 
Jellies, Soap, 139 

Jellies, Structure of, 751 


Kaolin, 895 

Kaolin, Endosmosis with, 484 
Katami, 425, 429 

Kerr Constant, 351 

Kinetic Friction, 288 

Kinetic Theory, 174 

Kinetic Theory, 525 
Koniscope, 420 

Krakatoa, 425, 429, 448 


Latent Heat of Surfaces, 457 
Latent Heat of Vaporization, 222 
Latent Period in Friction, 291, 300 
Latent Photographic Image, 698, 700 
Law of Corresponding States, 39 
Layers, Atmospheric, 425 

Lazy Ions, 487 


Lead Azide Crystals, 908 

Lead Chlorate, 97 

Lead Iodide Crystals in Gels, 799 

Lead Iodide, Crystallization of, 586 

Lead Oxide, Heat of Wetting, 451 

Lead, Solubility of, in Melts, 688 

Lead Sulfate, Estimation of, 926 

Lead Sulfate, Heat of Wetting, 451 

Lead Tree, 797 

Leaves, Dielectric Constant of, 512 

Le Chatelier Principle, 196 

Lecithin, Dielectric Constant of, 510 

Lecithin, Effects of, 644 

Liesegang’s Rings, 588, 783, 790, 802, 805 

Life of Colloids, 83 

Light, eee of on Gamboge & Mastic, 
55 


Light, Action of on Protoplasm, 378 
Light Action on Sulfur Sols, 353 
Light, Deflection of, 330 

Light, Resonance Scattering of, 349 
Light, Scattering of, 340 

Light, Selective Scattering of, 349 
Limiting lye, 163 

Lipoids, 644 

Lippmann’s Grainless Emulsion, 623 
Liquefaction, Heat of, 458 

Liquid Air to form Colloids, 98 
Liquid Crystals, 102, 109 

Liquid Crystals, 351 

Liquids, Spreading of, 226 
Liquids, Viscosity of, 18 

Lithuim Chromate, 97 

Litmus, 829 

Living Matter, 25 

Lodge Process, 416 

Loess, 905 

Low Temperature Grinding, 663, 667 
Lubricating Values of Mixtures, 297 
Lubrication, 288 

Lubrication Values, 294 

Lyotrope Series in Coagulation, 320 
Lysalbinic Acid, 829 

Lysargin, 829 

Lysis, 641 


MacMichael Viscosimeter, 728 
Magnesium Hydrate, 483 

Magnesium Oxide, Heat of Wetting, 451 
Magnetic Field, Action of on Nematic Sub- 
stances, 117 

Magorana’s Phenomenon, 508 
Manganese, Estimation of, 928 
Manganese Fog, 703 

Manganese Oxide, Heat of Wetting, 451 
Manganese Sulfide, 793 

Manganese Thiocyanate, 97 

Manganous Sulfate, 97 

Mallein, 833 

Marbled Soap, 159 

Margerites, 16 

Mass of Colloidal Particles, 165 

Mastic Suspensions, 369 

Matter, Mesomorphic States of, 102, 104 
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Maximum Colloidality, Zone of, 140, 734 
Maximum of Entropy, 326 

Maximum Precipitation, Point of, 675 
Maxwell’s Law, 127 

Mechanical Disintegration, 660 . 
Melting Point, 103, 760 

Melting Point, Determination of, 724 


Melts, Ultramicroscopic Examination of, 
696 


~ Membrane Filters, 825, 944 


Mercaptan, 229 

Mercutic Chloride Crystals in Gels, 799 
Mercuric Iodide, 803 

Mercury, 216, 223, 660 

Mercury Droplets, Adsorption by, 577 
Mercury, Latent Heat & Energy of, 215 
Mercury, Spreading on, 231 
Mesitylene, 230 

‘Mesomorphic States, 102 

Metal Fogs, 681 

Metalloids, Molecular Structure of, 282 
Metallurgic “stones,” 703 

Metals, 24, 266 

Metals, Adsorption of Gases by, 707 
Metals, Estimation of, 928 


Metals, Interfacial Energy Relations of, 


214 
Metals, Molecular Structure of, 282 


Metals, Surface Tension of, 689 

Metals, Vapor Pressure of, 689 

Meteorology, 424 

Methyl Alcohol, 223, 224, 229 

Methyl Alcohol, Electro-osmosis of, 481 

Methyl Alcohol, Heat of Adsorption, 459 

Methyl Formate, 223 

Methyl Iodide, 216 

Methyl Ketone, 229 

Methylbutyl Ketone, 229 

Methylene Chloride, 216, 229 

Methylene Chloride, 229 

Methylhexyl Carbinol, 229 

Methylhexyl Ketone, 229 

Mica, Adsorption by, 576 

Micells, 564 

Micellar Theory, 516, 778 

Micellular Granule, 517 

Micelloids, 573 

Micri-erg, defined, 224 

Middle Soap, 140 

Migration Potential, 471 

Milk, Coagulation Heat of, 463 

Milk, Conductivity of, 570. 

Milk, Dielectric Constant of, 510 

Milk Powder, 412 

Milk, Ultrafiltration of, 833 

Milks, Protection in, 622 

Minerals, 796 

Minerals, Pyrosols in, 703 

Mist, 438 

Mixtures, Lubricating Values of, 297 

Mixtures of Electrolytes, Adsorption 
from, 611 


Solubility of in Molten Salts, 


hie of Electrolytes, Adsorption of, 


Mobility, 720, 728 

Mobility of Particles in Sulfur Sols, 364 
Molecular Aggregation, 133 

Molecular Aggregates, Measuring, 281 
Molecular Areas, 235 

Molecular Association, 278 

Molecular Attraction, 528 

Molecular Dimensions, 275, 537 
Molecular Dissymetry, Effects of, 525 
Molecular Energy Values, 224 
Molecular Forces, 265 

Molecular Moments, 205, 213 
Molecular Orientation, 118, 206, 214, 221, 
223, 233, 289 

Molecular Polarity, 217 

Molecular Scattering of Light, 340 
Molecular Shape, 106 

Molecular Size, Forces, Modifying, 280 
Molecular Surface Energies, 538 
Molecular Weights, 286 

Molecular Groups, 12, 14 

Molecular Dimensions, 14 

Molecules, 12, 14 

Molecules, Electric Moments of, 204 
Molecules, Polarity of, 204 

Molecules, Solvated, 95 

Moleculoids, 573 

Monochloro-acetone, 229 

Monolayer, 271 

Monomolecular Films, 233 
Monomolecular Films, Compression of, 


Monomolecular Layer, 271 
Moon Dogs, 439 

Mottled Soap, 159 

Mt. Pelée, 448 


Naphthalene, Charge of, 482 

a -naphthoflavone, Adsorption by, 584 
Narcosis, 641 

Neat Soap, 139 

Needle Ice, 438 

Negative Mesomorphic substances, 119 
Nematic State, 104, 114 
Nephelometry, 937 
Nernst-Noyes-Whitney Theory, 37 
Nernst Potential Formula, 488 
Nerve, in Rubber, 749 

Neumann Triangle, 227 

New Fuchsine, 577 

Nigre, 146 

Nickel Catalysts, 715, 718 

Nickel, Estimation of, 928 

N 

N 

N 

N 

N 


Jitrobenzene, 216, 230, 240 

Jitrobenzene, Association of, 285 
Nitrobenzene, Electro-osmosis of, 481 
Jitrocellulose, 24 

Nitrocellulose, Viscosity of, 749, 750 
Nitrogen, 223, 224 

Nitrous Oxide, Heat of Adsorption of, 


Nitromethane, 229 


970 INDEX TO SUBJECTS 


Nitrotoluene-o & m, 230 ; 
Non-colloids, Separation of from Colloids, 
938 


Non-discharged Particles, ‘Coagulation of, 
310 


Non-electrolytes as Sensitizers to Adsorp- 
tion, 614 

Non-polar Molecules, 527 

Nuclear Structure in Nematic Substances, 
116 

Nuclei, 396, 397, 912 

Nuclei, Atomic, 14, 15 

Nuclei, Formation of, 23 

Nuclei in Atmosphere, 420, 424 


Octane, 216, 230 

Octane, Cohesion & Adhesion of, 213 

Octyl Alcohol, 216 

N-octyl Alcohol, 229 

Octylene, Cohesion & Adhesion of, 213 

Oleic Acid, 216, 229 

Oil Smoke, 412 

Oils, 163° 

One Phase Theory of Colloids, 132 

Opalescence, Critical, 

Opalescence near Critical State, 323 

Opalescence of Binary Mixtures, 337, 338 

Opalescence, Polarization in, 3 

Order of Adsorption, 604 

Organic Colloids, Estimation and Separa- 
tion of, 932 

Organic Gels, 759 

Organic Liquids, Adhesion of, 216 

Organic Liquids, Association of, 285 

Organic Liquids, Dielectric Constants and 
Association of, 285 

uN Liquids, Spreading Coefficient of, 


Organic Molecules, Dimension of, 267 

Organic Molecules, Size of, 273 

Organic Substances as Lubricants, 294 

Organic Substances,- Molecular Moments 
of, 

Organosols, 693 

Orientation, Direction of, 207 

Orientation of Molecules, 528 

Orientation of Molescules in Surfaces, 206 

Oriented Adsorption, 494 

Orpiment, 660 

Orthoclase, 103 

Osmosis, 644 

Osmotic Pressure, 515, 552 

Osmotic Valence, 519 

Osteomalacia, 786 

Ostwald-Freundlich Equation, 638 

Ostwald Ripening, 700, 786 

Overton Theory, 644 

Overvoltage, Influence of Colloids on, 939 

Oxygen, 223, 224 


pu, see Hydrogen Ion Concentration 
Paint, Viscosity of, 731 
Palladium, Gas Adsorption by, 713 


Palmitic Acid Films on Glass, 243 

Palmitic Acid, Molecular Dimensions of, 
537 

Palmitic Acid, Molecular Surface Energy 


of, 
Palmitic Acid, Surface of, 532 
Papers, Dielectric Constants of, 511 
Para-azoxyanisol, 114 
Para- Lae Scattering of Light by, 
351 


Para-azoxyphenetol, 114, 115, 119 

Paraffin, Dielectric Constant ‘of, 511 

Paraffins, Molecular Moments of, 205 

Parsec, defined, 445 

Particle Size, Determination by Ultracen- 
trifuge, 851 

Particle Size and Solubility, 637 

Particles, Primary, Secondary, etc., 13, 14 

Pepsin, Dielectric Constant of, 510 

Peptizing Agents, 921 

Periodic Rings, 273 

Periodic System of Elements, 202 

Periodic System and Surface Tension, 202 

Permanganate Titrations, 936 

Permutite, 925 

Perrin’s Law, 856 

Petroleum Ether, Electro-osmosis of, 481 

Phase Rule, 131, 159 

Phase Rule in Soap, 151 

Phases, 126, 127 

Phenol, Adsorption of, 576 

Phenol, Association of, 285 

Phenol-water system, 130 

Phenetole, 229 

Photochemistry, 684 

Photographic Plate, 802 

Photograpy, 698 

Photo-haloids, 700 

Picric Acid, Adsorption of, 576 

Pictet-Trouton Formula, 4 

Planck’s Formula, 71 

Planetesimal Hypothesis, 447 

Plasmolysis, 644 

Plaster of Paris, 624 

Plastic Flow, 720 

Plastic Solids, Surface Films as, 276 

Plasticity, 280, 720, 727 

Plasticity, Measurement of, 720, 729 

ace Alcosol, Dielectric Constant of, 

Platinum Electrosols, 678 

Platinum, Gas Adsorption by, 711 

Platinum Sol, 829 

Pleochromy, 705 

Plural Protection, 622 

Pogonip, 439 

Poise, 727 

Polanyi’s Theory, 581 

Polar Adsorption, 485 

Polar Molecules, 527 

Polar Molecules, Spreading of, 230 

Polarity of Molecules, 204 

Polarization of .Opalescence, 335 

Polarization of Scattered Light, 34h 
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Polarization ef Skylight, 432 
Polyones, 13, 946 

Ponceau Red 2R, 581 

Potassium Arsenite, 97 

Potassium Bicarbonate, 97 

Potassium Chloride, 98 

Potassium Iodide, 98 

Potassium Manganons Thiocyanate, 97 
Potassium Oleate, 108 

Potassium Oleate, 142, 148 

Potassium Oleate, 147 

Potassium Thiocyanate, 98 

Potential, Significance of, 484 
Potential at Surface, 496 

Powders, Adsorption by, 408 
co Adhesion of, to Glass, etc., 


Precipitates, Adsorption by, 600 
Precipitates, Formation of, 30, 910 
Precipitates, Manipulation of, 919 
Precipitating Ions, Adsorption of, 602 
Precipitates, Size-Analysis of, 861 
Precipitates Study of, 888 
Precipitation, 30, 33, 672 
Precipitation, Abnormal, 60 
Precipitation Curves, 50 
Precipitation Laws, 51, 56 
Precipitation Laws, 78 

Pressure on Wetting, 453 

Primary Colloidal Particles, 13 
Primary Films, 290, 302 
Pringsheim’s Law, 784 
Probability of States, 324 
Propionic ,Acid, 229 

Propionic Acid, Heat of Adsorption, 459 
Propyl Alcohol, 229 
Protalbumoses, 829 

Protection of Aerosols, 408 
Protection, Colloidal, 619 
Protective Action, 321, 810 
Protective Colloids, 307, 913, 922 
Protectors, in Analysis, 938 
Protein Error, 392 

Proteins, Estimation of, 933 
Proteins, Thermochemistry of, 468 
Proteins, Viscosity of, 750 
Protons, 11, 14 

Protoplasm, Effect of Light on, 378 
Prout’s Theory, 278 

Prussian Blue, 606, 829 
Pseudo-gels, 767 

Pseudoglobulin, 742 
Pseudomorphoses, 109 

Purity of Precipitates, 30, 918 
Purple of Cassius, 619, 699, 936 
Pyridine, Association of, 285 
Pyrophoric Iron, 26 

Pyrosols, 681 

Pyrosols, Technical Aspects of, 691 


Quartz, 103 ; 
Quartz, Heat of Wetting, 451 
Quasi-viscous Effect, 319 


Rabbit Serum, 272 
Rachitis, 786 
aa Effect of on Ion Adsorption, 


Radio-elements, Adsorption of, 586 
Radium, Adsorption of, 937 

Radium, Coloring of Glass by, 683 
Rain, 399 

Rain Nuclei, 396 

Rainbow Gels, 430, 799 

Ramsay-Shields Constant, 215 

Rare Gases, Surface, Tension of, 201 
Rate of Shear, 736, 740 

Rayleigh’s Equation, 430 

Rayleigh’s Formula, 71 

Reaction Velocity, 588 

Regions, Concepts, 198 

Regulators, 498 

Relargage, of Soap, 155 

Resonance Scattering, 349 

Respiration, Warburg’s Theory of, 591 
Retarders, 624 

Reversibility of Aggregation, 898 
Rhythmic Precipitation, 787, 790, 802, 805 
Rigidity, 723 

Ring Compounds, Static Friction of, 296 
Rodlet structure, 112 

ee Rays, Effects of on Minerals, 


Rosin, Dielectric Constant of, 511 

Rosin Smoke, 412 

Rotatory Power of Cholesteric Substances, 
121122 

Rubber Sols, Viscosity of, 748,°750 

Rubber, Sulfur Crystals in, 808 

Rubbers, Dielectric Constants of, 511 

Rubidium Bromide, 98 

Rubidium Chloride, Electrolysis of, 682 

Rutherford Unit, 15 


Sac Filters, 820 

Sachs-Georgi Test, 833 

Sal Ammoniac Smoke, 412 

Salol, Charge of, 482 

Salvia, Dielectric Constant of, 510 

Salt Jellies, 97, 98 

Salt-Melts, Solubility of Metals in, 686 
Salting out Soaps, 160 

Salts, Effect of on Interfacial Tension, 244 
Salts, Electrolysis of, 682 

Salts in Ice Particles, 420 

Sand, Heat of Wetting, 452 
Saponification, 155 

Saponin, 276 

Saturn’s Rings, 445 

Scattered Light, Intensity of, 342, 344 
Scattered Light, Polarization of, 341, 344 
Scattering of Light, 340 

Saybolt Viscosimeter, 729 

Sea, Blue Color of, 349 

Schulze’s Law, 600, 914 

Sea Deposits, 902 

Sealing Wax, Dielectric Constant of, 511 
Second Change, in Soap, 155 
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Secondary Aggregates, 916 
Secondary Colloidal Particles, 13, 14 
Secondary Octyl Alcohol, 216 
Sedimentation Analysis, 861 
Sedimentation, Time of, 858 
Segregation, 528 

Segregation of Molecules, 528 
Selective Scattering, 349 

Selenium, 660 

Selenium, Colloidal, 84 

Selenium, Grinding of, 667 
Selenium Sol, Coagulation of, 311 
Sensitization, 597 

Sensitization to Adsorption, 614 
Serum Albumin, 829 

Serum, Dielectric Constant of, 510 
Serum, Surface Effect of, 267 
Setting Point, 724, 760 

Settled Soap, Analysis of, 158 
Settling Aerosols, 414 

Settling, Velocity of, 168 

Shear, Rate of, 728 

Shellac, 462 

Sieve Analysis, 863 

Silica, Heat of, Adsorption by, 462 
Silica, Heat of Wetting, 451, 453 
Silica Gel, Heat of Wetting, 451 
Silica Gels, 772 

Silica Sol, Coagulation Heat of, 463 
Silicic Acid, Endosmosis of, 483 
Silicic Acid, Estimation of, 929 
Silicic Acid Gels, 798 

Silicic Acid Sol, 829 

Silicic Acid Sols, Viscosity of, 750 
Silver, 660 

Silver Chloride, Charge of, 482 
Silver Germ Theory, 698 

Silver Nitrate, 98 

Silver Salts, Precipitates of, 63-70 
Silver Salts, Sparingly Soluble, 670 
Silver Sol, 829 

Silver Sol, Coagulation Heat of, 464 
Silver Sol, Dielectric Constant of, 508 
Re re Sol, Dielectric Constant of, 


Silver Sulphate, 73 

Silver Sulfate Crystals in Gels, 799 
Size of Colloidal Particles, 165 
Sky, Color of, 430 

Sky Polarization, 432 

Slags, 702 

Smectic State, 104, 107, 111 
Smelter Particles, 412 

Smoke Filters, 414 

Smokes, 280, 393 

Smokes, Defined, 412 

Smokes, Stability of, 407 
Smoluchowski’s Theory, 694 
Snow, 440 

Soap. 2 

Soap Boiling, 155 

Soap Jellies, 139 

Soap, Lamellar Crystals of, 138 
Soap Mixtures, Viscosity of, 26 


Soap Solution, Dielectric Constant of, 508 
Soaps, 105, 106, 137 

Soaps, Anhydrons, 138 

Soaps, Gold Numbers of, 621 

Sodium Acrylate, 759 

Sodium Bromide, 98 

Sodium Caseinate, 742 

Sodium Chloride, 98, 660 

Sodium Chloride, Colloidal, 85 

Sodium Chloride, Precipitated, 40 

Sodium Eructate, 161 

Sodium Glycocholate, Surface Effects of, 


268 

Sodium Iodide, 98 

Sodium Laurate, 161 

Sodium Linolate, 161 

Sodium Managanous Thiocyanate, 97 

Sodium Myristate, 161 

Sodium Nonylate, 243 

Sodium Oleate, 161 

sat Oleate, Surface Effect of, 274, 
276 


Sodium Palmitate, 141, 144, 146, 161 

Sodium Soaps, Gold Numbers of, 621 

Sodium Stearate, 161, 276 

Sodium p-sulfodibromhydrocinnamate, 592 

Sodium Thiocyanate, 97, 98 

Soft Soap, 158 

Soils, Analysis of, 901 

Soils, Colloids in, 935 

Sol-gel Transformation, 751 

Solid Lubricants, 293 

Solid Solution, 453 

Solid State, 103 

Solids, Spreading on, 233 

Sols, Coagulation of, 894 

Sols, Precipitation of, 602 

Solubility and Particle Size, 637 

Solute, Distribution between Regions, 208 

Solutions, Light Scattering by, 347 

Solutoids, 94 

Solvated Molecules, 95 

Sonims, 703 

Sorption, 714 

Space Lattices, 15 

Sparingly Soluble Silver Salts, 670 

Specific Inductive Capacity, 507 

Sepa er of Gamboge and of Mastic, 
9 


Speed of Addition of Coagulants, 918 
Spent Lyes, in Soap, 156 

Spreading Coefficient, 227 

Spreading of Liquids, 226 

Spreading on Water, 290 

Stability of Clouds, Smokes, etc., 407 
Stabilizing Ion, Adsorption of, 605 
Staglamones, 833 

Standards for Surface Tension, 259 
Starch, Dielectric Constant of, 512 
Starch, Estimation of, 934 

Starch Iodine, 383 

Starch Pastes, 23 

Starch Pastes, Viscosity of, 731 
Starches, Gold Numbers of, 621 
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Starches, Heat of Swelling, 461 
Stannic Acid in Analysis, 930 
Stannic Acid, Gold Number of, 621 
Stratosphere, 425 

States, Probability of, 324 

Static Friction, 288, 290 

Static Friction, Tables, 295 

Static Friction Values, 295 

Steam, 25 . 

_ Stearic Acid Films on Glass, 243 
Stibnite, 660 

ao Law, 165, 176, 362, 402, 404, 639, 


Stormer Viscosimeter, 728 

Streaming Potential, 471, 479 

Strontium Sulfate, 101 

Strontium Thiocyanate, 97 

Subchlorides, 682, 685 

Subhalide Theory, 699 

Subhalides, 682, 684, 698, 699 

Subsidence of Colloidal Systems, 855 

Succinic Acid, Adsorption of, 576 

Sudan Soils, 905 

Sugar, Gold Number of, 621 

Sulfonated Oil, 276 

Sulfur, 660 

Sulfur, Charge of, 482 

Sulfur Crystals in Rubber, 808 

Sulfur Dioxide, Adsorption of, 590 

Sulfur Dioxide, Association of, 285 

ee Dioxide, Heat of Adsorption of, 
458 

Sulfur Sols, Action of Light on, 353 

Sulfur Sols, Coagulation Heat of, 468 

Sulfur Sols, Growth of Particles in, 360 

Sulfur Sols, Optical Properties of, 356 

Sulfur Sols, Viscosity of, 747 

Sulfur, Transformation of Soluble into 
Insoluble, 367 

Sulfuric Acid, 97 

Sulfuric Acid Mist, 412 

Sun Dogs, 439 

Superdrying, 283 

Supersaturation, 82 

Surface, in Sols, 884 

Surface Area, Determination of, 926 

Surface Condensation, 452 

Surface Cooling, 394 

Surface Energy, 288 

Surface Energy, Free and Total, 195 

Surface Energy, Molecular, 537 

Surface Energy, Temperature Variations 


of, 262 

Surface Films, 276, 289, 526 

Surface Forces and Molecular Orientation, 
532 


Surface Formation, Energy of, 196 

Surface, Latent Heat of, 457 

Surface Potentials, 496 

Surface Tension, 267 

Surface Tension, Detn. of, 244 

Surface Tension, Detn. of by Capillary 
Height, 246 

Surface Tension, Drop in, 268 


Surface Tension and H Ion Concentra- 
tration, 243 

Surface Tension, Standards for, 259 

Surface-active Substances, 640 

Surface-inactive Substances, 640 

Surfaces, in Analysis, 923 

Surfaces, Electromagnatic Theory of, 199 

Surfaces, Energy Relations at, 260 

Surfaces, Molecular Orientation in, 206 

Surfaces, Theory of, 197 

Suspensions, 165 

Suspensions of Gamboge & Mastic, 369 

Soe Os Stability of on Illumination, 


Suspensoid Sols, Viscosity of, 750 
eS pet uncharged, Coagulation of, 


Sutherland Constant, 531 
Swelling, Heat of, 461 
Swelling Pressure, 764 
Sym-octyl Alcohol, 229 
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